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Hydrated cements have pore sizes that range from a few nanometers to microns. The 
physical and chemical properties of cements (creep, strength, chemical reactivity and 
shrinkage) are significantly influenced by water molecules in this pore network. Hence, 
a main task to the cement science is to understand the behavior of water in the pore 
network to control the physical and chemical properties of cement-based materials.  
It is known that the structural and physical properties of water near surfaces or confined 
in small cavities, can be different than those of bulk water. Solid surfaces affect the 
behavior of water mainly reducing the tetrahedral network of bulk water. However after 
decades of study, the structure, dynamics and physical properties of this near-surface 
water remains poorly understood.  
In this thesis, we focus on the problem of the dynamics of water confined in the nano-
pores of different sizes of cement-like materials by means of broadband dielectric 
spectroscopy. This technique has proven to be powerful when studying the reorientation 
dynamics of polar molecules such as water. In addition, thermal analysis and other 
spectroscopic techniques have been used to characterize the structure of these materials.  
This thesis contains four main topics: 
1) Dynamics of water in C-S-H gel, the main binding phase of cement 
materials. From a scientific perspective, the C-S-H gel offers an attractive 
confinement system where chemical and geometrical effects of the 
confinement of water can be investigated.  In C-S-H gel, the water molecules 
are trapped mainly in the interlayer space between the highly disordered 
calcium silicate layers forming the interlayer water.  
2) Dynamics of water confined in C-S-H synthesized with the addition of 
both silica- and amino propyl functionalized nano-particles, before the 
hydration reaction.  
3) Dynamics water confined in tobermorite (natural and synthetic). 
Structurally Tobermorite is considered an analogue of C-S-H gel. 




The results of this thesis showed that the nature of water in all these systems split into 
different relaxations (normally three different dynamics) depending on the different 
chemical environment and/or physical environment where water molecules are situated. 
Some relaxations were unequivocally related with water molecules relaxing in small gel 
pores (< 1 nm) whereas other water molecules were structurally linked to the structure 
of the different materials analyzed. The main relaxation of water confined in C-S-H, C-
S-H with the addition of nanoparticles and tobermorite were faster than the so-called 
universal -relaxation of water. By contrast, water in Portland cement was similar to the 
universal -relaxation of water. The water dynamics in Portland cements showed 
similar characteristics to that observed in other well-defined confinement systems such 
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Along this work, cement chemistry notation has been used frequently, in some cases, in 
combination with general chemistry notation. In the following, we show the 
equivalences between both: 
S = SiO2 C = CaO H = H2O 
S̅ = SO3 F = Fe2O3 A = Al2O3 
 
Other abbreviations used in this works were: 
OPC: Ordinary Portland cement 
C-S-H or CSH: Calcium silicate hydrate 
LD C-S-H: Low density C-S-H 
HD C-S-H: High density C-S-H 
C/S or Ca/Si: Calcium to silicon ratio 
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Chapter I 
Introduction to Cement Chemistry 
 
 
In this chapter, we introduce the most relevant concepts on the basis of cement 
materials. We analyze the composition of the clinker. Then, we focus on the hydration 
process with particular emphasis on the structure of C-S-H gel at different scales 
(macro, micro and nano). Finally, we present definitions of the pore space in 
cementitious materials as well as the different terminology used in the literature. 
 
a. Cement-based materials  
  
Cement is a fine mineral powder and, when mixed with water, it transform in to 
a paste with the ability of binding solid mater to a compact whole. Cement is the widely 
used construction material in the world. An early version of cement was made with 
lime, sand and gravel in the old Mesopotamia (3000 years B.C. and after for the 
Egyptians). The first concrete was employed by the Ancient Macedonian and, some 
centuries after, by the Roman engineers on a larger scale
 
[1]. However, all this 
knowledge was lost during the middle Age. In 1756, John Smeaton experimented with a 
combination of different limestones and additives recovering the idea of improving 
cement materials. In the late 18
th
 century, Roman cement became very popular until it 
was replaced by Portland cement in the 1850s. This material was extensively used by 
Joseph Aspdin (patented in 1824), and its name comes from the Portland stone used in 
its fabrication. This proto-Portland cement was then further improved until obtaining 




Last year, the cement world production was about four thousand millions of tons 
(figure I.1a) [3]. One of the main environmental problem during the cement production 
is the released of carbon dioxide. In particular, cement industry produces about 5% of 
global CO2 emissions, with a total emission nearly of 900 kg of CO2 for every ton of 
produced cement [4]. With the aim of both to increase the production and to control the 
emissions, a large research of cement materials was done in the last years. On the one 
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hand, most efforts were directed towards increasing the strength of the cement-binder 
and saving cost in the production. On the other hand, research efforts focused on enlarge 




Figure I.1. a) The cement global production (1994 to 2013). b) Number of publications using the word “cement” in 
different search engines. 
 
The above mentioned researches efforts are reflected in figure I.1.b). As shown, 
the amount of cement related publications has increased in the analyzed period. 
Although most of users are not aware of their existence, the understanding of both the 
complex chemical reactions occurring within cement during hydration and the influence 
of the obtained pore structure in the final strength of the materials is of utmost 
importance. Cement research is therefore a multidisciplinary field where civil engineers 
and architects involved in the construction of large buildings, as well as physicists and 
chemists, involved in nanoscale characterization and simulations, cooperate in order to 
reach the objective of a better understanding of this material. 
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Cements can be classified into two large groups: hydraulic and non-hydraulic 
cements. The cement usually used in construction is the hydraulic type, due to its better 
performance. Some examples are Portland, calcium sulfoaluminate or geopolymeric 
cements. 
 
Ordinary Portland Cement (OPC) is defined as a material composed by two 
thirds (in mass) of calcium silicates and one third of aluminium and iron oxides. In 
addition, there are other sub-classifications of Portland cement which in turn depend on 
composition and additives. Raw Portland cement is a combination of clays and 
limestone grinded and stirred until obtaining a fine, homogeneous powder (clinker). 
This powder mixture is then introduced in a shape-cylinder oven with a slow rotation 
and a temperature gradient along the rotation axis: 1) from 100ºC to 900ºC, the thermal 
decomposition of the mixture occurs (with the limestone and silicoaluminates 
dissociation, and the elimination of water and OH from the clays); 2) from 700ºC to 
1350ºC, the solid state reactions occurs and the heat produce belite (C2S), tricalcium 
aluminate (C3A) and aluminoferrite (C4AF); and 3) from 1350ºC to 1600ºC, when alite 
(C3S) is obtained [5]. The mixture is then cooled and stored in the form of “clinker”. 
 







Once the above mentioned process is completed, the cement is prepared to be 




The clinker is the primary material of the cement production process. The raw 
materials involved in clinker production are directly obtained from the quarry (see table 
I.1.). After the first grind (homogenization), the clinker is placed in a rotary oven, where 
the previously described temperature reactions occur.  
Initial components Final components 
CaO 60-69% Alite 60-70% 
SiO2 18-24% Belite 15-30% 
Al2O3 4-8% Tricalcium aluminate 5-15% 
Fe2O3 1-8% Aluminoferrite 7-15% 
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In a more detailed view, the first reaction is a thermo decomposition of the 
primary materials. The most important process in this step is the limestone 
decomposition at about 650ºC, producing CaO. In addition, the clay decompose in its 
basic oxide components by losing OH, 2Si2Al2O5(OH)4  2Si2Al2O7 + 4H2O and later 
producing Si and Al oxides  Si2Al2O7  2SiO2 + Al2O3. During the second step the 
solid state reactions occur, thus producing belite (C2S), aluminate (C3A) and ferrite 
(C4AF). Finally, in the third step the molten state reactions take place i.e: the belite 
reaction at 1450ºC with the calcium oxide to form alite (C3S) [6]. All this reactions are 
represented in figure I.2 as a function of the temperature. After leaving the oven, the 
clinker is fast cooled in order to avoid crystal growing (which would have a negative 
influence on the subsequent hydration and the mechanical resistance of the cement). 
 
 
Figure I.2. Schematic diagram showing the variations in typical contents during the formation of Portland cement 
clinker [7]. 
 
A brief description of the principal components of the clinker is shown below: 
 
b.1 Alite (3CaO·SiO2 = C3S) 
 
Alite is a mineralogical compound and the main component of Portland cement. 
It is the chemically modified form of pure tricalcium silicate (C3S). It presents 
reversible transitions, being triclinic morphology (T1) the most stable at room 
temperature. Figure I.3 shows the Alite structure.  
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Figure I.3. Structure of Alite by Vesta, with projection 110 [8]. The blue balls represent the calcium atoms, the blue 
triangles represent the silicon tetrahedronds, and the small red balls are oxygen. 
 
b.2 Belite (2CaO·SiO2 = C2S) 
 
Belite is responsible (together with alite) of the formation of C-S-H gel. Belite is 
a mineralogical compound known to take four polymorphs forms which easily reacts 
with water and transform into hydrated dicalcium silicate. The crystal structure of belite 
(see Figure I.4) is similar to alite, with SiO4
-4
 tetrahedra and Ca
+2 
ions (but lacking the 
O
-2
 ions). The structures of α’H, α'L, and β polymorphs are derived from that of α-C2S by 
progressive decreases in symmetry (in turn derived from changes in the orientation of 
the Si04
-4
 tetrahedra and small movements of Ca ions).  
 
 
Figure I.4. Representation of belite on their multiples polymorphics. Projection is 101 for all phases except α, where 
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b.3 Tricalcium Aluminate (3CaO·Al2O3 = C3A) 
 
Tricalcium aluminate (C3A) is the third most abundant component in Portland 
cement. The C3A has a cubic symmetry and is stable all along the explored temperature 
range. C3A unit cell is composed of Al6O18
-18
 rings, with their charge balanced by Ca
+2
 
ions located in the space between them [9]. 
 
Na substitution dominates and continues determining which polymorph is 




 produces a decrease in the symmetry, and 
consequently, the appearing of orthorhombic and monoclinic polymorphs). A cubic 
symmetry is maintained as long as the Na2O content is below 2%, while orthorhombic 







[10] (the partial substitution by Fe
+3
 has relatively little 
effect on the polymorphism of the aluminate [2]). 
 
In the OPC clinkers at room temperature, the monoclinic form has not been 
detected while the cubic and orthorhombic polymorphs appear, alone or in combination. 
The cubic form is usually mixed with dendritic crystals of ferrite phases [5]. 
 
b.4 Aluminoferrite (4CaO·Al2O3·Fe2O3 = C4AF) 
 
Aluminoferrite is the fourth element of the clinker, and a modification of ferrite 
(C2F) in which aluminum atoms enters into the structure. At room temperature and 
pressure conditions, the solid solution Ca2(AlxFe1-x)2O5 can vary between x = 1 to about 
0.7 (being the C4AF possible only with x = 0.5 and C2A with x = 1, the latter only for 
high pressures [11]). Each Ca
2+
 ion in C4AF has 7 oxygen neighbors at 0.23-0.26 nm 
[12]. The aluminum and iron atoms are both distributed between octahedral and 
tetrahedral sites, and the fraction of the aluminum entering tetrahedral sites under 
equilibrium conditions decreases with temperature. In the unit cell of pure C2F there are 
two different positions occupied by iron ions, one with tetrahedral and the other one 
with octahedral coordination (being the number of the latter twice the number of the 
former). When a high amount of titanium enters the structure perovskite-like zones 
appear mixed with ferrite [2,13]. 
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c. Hydration Process 
 
The hydration process in cement chemistry represents the chemical reactions 
which take place when clinker is in contact with water. This is a very complex process, 
mainly due to the amount of different reactions involved (as well as the components, the 
additives, and the different clinker phases, in turn with their own particle size, shape, 
and impurities). For all these reasons, although from a macroscopic point of view it 
seems a simple reaction, clinker hydration is not yet well understood. In figure I.5 a 
scheme of the hydration products as a function of reaction time is shown.  
 
 
Figure I.5. General representation of the amount of hydration products in function of reaction time [2]. 
 
A small deviation of a variable as the amount of water, yield large changes in the 
final properties of the product, as the Young’s moduli [7] or the pores sizes [14]. As a 
consequence, research efforts for understanding such a complex behavior were done 
since the early XX century [15,16] and continue until our days. The most important 
chemical reactions in the hydration process of the cement are described below: 
 
c.1 Hydration of Alite 
 
Alite hydration is the responsible of the hardness of cement during the first days. 
The equation of the alite hydration can be written as: 
 
 2𝐶𝑎3𝑆𝑖𝑂5 + 6𝐻2𝑂 → 3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2𝑂 + 3𝐶𝑎(𝑂𝐻)2 (I.1) 
 
or in the cement notation: 
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2𝐶3𝑆 + 6𝐻 → 𝐶 − 𝑆 − 𝐻 𝑔𝑒𝑙 + 𝐶𝐻 (I.2) 
 
 
The hydration of alite is rather complex and fast. About the 70% of alite reacts 
in the first twenty eight days, and almost the 100% after one year. The products 
obtained in this reaction (C-S-H gel and portlandite) are main components of the 
cement. The stoichiometry of the C-S-H gel is not fixed and the eq. (I.2) is only 
approximated. Other stoichiometries of the reaction can be expressed as: 
 
2𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂2 + (3 + 𝑚 − 𝑛)𝐻2𝑂 = 𝑛𝐶𝑎𝑂 ∙ 𝑆𝑖𝑂2 ∙ 𝑚𝐻2𝑂 + (3 − 𝑛)𝐶𝑎(𝑂𝐻)2 (I.3) 
 
c.2 Hydration of Belite 
 
The hydration reaction of belite equation (in its β phase) is similar to the alite. 




4𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 + 4𝐻2𝑂 → 3𝐶𝑎𝑂 ∙ 2𝑆𝑖𝑂2 ∙ 3𝐻2𝑂 + 𝐶𝑎(𝑂𝐻)2 (I.4) 
 
or in cement notation: 
 
2𝐶2𝑆 + 4𝐻 → 𝐶3𝑆2𝐻3 + 𝐶𝐻 (I.5) 
 
Despite the produced amount of Portlandite, another difference with the alite 
reaction is the kinetics. The velocity of this reaction is much lower than the alite. In 
twenty eight days only 30% of belite has reacted and the 90% in one year. The 
hydration in the β and α phases is similar, while in the γ phase it does not occur (as 
already mentioned in the previous section, γ is a non-reactive phase). 
 
c.3 Hydration of tricalcium aluminate 
 
The tricalcium aluminate hydration affects the workability of the final cement. 
When alite reacts with water, a very fast process starts. The explanation of this lies in 
the formation of a protective barrier of hydration products (hexagonal hydrates) upon 
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the alite surface. The conversion of the hexagon hydrates into cubic breaks this barrier 
and the hydration is again fast (accompanied by intense heat release) (in cement 
notation): 
 
2 𝐶3𝐴 + 27 𝐻 → 𝐶4𝐴𝐻19(𝐶4𝐴𝐻13) + 𝐶2𝐴𝐻8 → 2 𝐶3𝐴𝐻6 (I.6) 
 
The addition of sulfates, such as gypsum, has the objective of control the cement 
setting. In this way, ettringite is obtained as the first hydration stable product with 
enough amount of calcium sulfate. During the reaction, when sulfate level decreases, 
ettringite becomes unstable and transforms into C3A: 
 
𝐶3𝐴 + 26𝐻 + 3𝐶𝑆̅𝐻2(𝑔𝑦𝑝𝑠𝑢𝑚) → 𝐶6𝐴𝑆3̅𝐻32(𝑒𝑡𝑡𝑟𝑖𝑛𝑔𝑖𝑡𝑒) (I.7) 
 
𝐶6𝐴𝑆3̅𝐻32 + 2 𝐶3𝐴 + 4𝐻 → 3 𝐶4𝐴𝑆̅𝐻12 (I.8) 
 
without gypsum the reaction is faster: 
 
𝐶3𝐴 + 6𝐻 → 𝐶3𝐴𝐻6 (I.9) 
 
 
In fact, the reaction is so fast that it results in flash set, which is the immediate  
stiffening after mixing, making proper placing, compacting and finishing impossible.  
 
Experimentally, ettringite crystals are always over the surface of alite particles. 
Therefore, the common interpretation is that ettringite forms in early stages as a layer 
over the alite, preventing the diffusion of sulfate, hydroxide and calcium ions and 
creating an induction period. Once the liquid phase has fault of calcium and sulfate ions, 
ettringite transforms into 𝐶3𝐴𝑆̅𝐻12. There is some controversy about the real 
implication of the sulfates, due to the fact that some authors have proposed that the 
sulfate groups block the reactive points in the alite surface [18,19]. 
 
c.4 Hydration of Aluminoferrite 
 
Hydration of C4AF is similar in many aspects with alite phase but slower. It 
hydrates rapidly but it contributes slightly to the final strength. Its use allows lower kiln 
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temperatures in portland cement manufacturing. It acts as a flux in clinker manufactor 
and imparts grey color. Hydration reaction is: 
 
𝐶4𝐴𝐹 + 2 𝐶𝐻 + 14𝐻 → 𝐶4(𝐴, 𝐹)13𝐻 + (𝐴, 𝐹)3𝐻 (I.10) 
 
d. Mechanism of Hydration 
 
The hydration of cement has been deeply studied. The term “hydration” 
comprises all the physical and chemical processes in the cement-water system. This 
includes the dissolution of clinker phases, formation of hydrated phases and the 
diffusion processes at longer/later hydration times.  
 
It can be separate in five different steps, as seen in the calorimetric 
measurements represented in figure I.6.  
 
 
Figure I.6. Microcalorimetric curve of C3S (a), change of Ca
2+ ions concentration in the liquid phase (b), formation 
of hydrates [20]. 
 
The hydration of cementitious materials is time dependent and can be divided 
into five major periods [5]: 
 
 Initial reaction period. As soon as the anhydrous grain comes into contact with 
water, soluble components such as alkalis calcium sulfate phases and free lime are 
dissolved by the surrounding water. The main reaction of this period is the 
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exothermic reaction of C3A with gypsum. The solution formed increases in pH 
until a point of super saturation is attained.  
 
 Dormant or induction period. This period is characterized for the slow and 
steady reaction which the degree of hydration and microstructure not present 
relevant changes. The initial set of the paste occurs at the end of this stage. 
 
 Acceleration period. C3S and C3A are accelerated to a high level of activity and 
maximum reaction is reached. Outer C-S-H starts to form from the reaction of C3S 
with water making the strength of the paste increase. C2S starts to react at lower 
rate of reaction if compared with C3S and C3A. Pore volume starts to decrease 
with increasing of reactions and decreasing of w/c ratio.  
 
 Period of deceleration. The rate of reaction decreases and the reaction get 
controlled by the diffusion of silicate trough a layer of existing products. Inner C-
S-H starts to form on inside of the shell from the continuing hydration of C3S. 
Secondary reaction of C3A takes place and producing long rods of Aft.  
 
 Final slow reaction. This is a period of steady reaction and decreasing of 
diffusion process. The deposition of hydrates becomes inhibited by lack of space. 
From one to three days, C3A reacts with Aft forming hexagonal plates of AFm. At 
approximately seven days, inner C-SH formed is sufficient to decrease the 
separation of the “shell” and core of the paste. In order it reduces the porosity of 
the cementitious matrix. And the outer C-S-H becomes more fibrous. The 
hydration proceed slowly, some of the remaining anhydrous material reacts to 
form additional inner C-S-H. The ferrite phase appears to remain unreacted. 
 
e. Structure of hydrated cement 
 
The cement paste is a complex system with a great number of components. In 
the cement paste we can find together components with a crystalline defined structure 
(for instance portlandite), components semi-amorphous (C-S-H gel) and even anhydrate 
clinker particles of different sizes. The location inside the paste of these different 
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elements depends of the initial conditions and also of the composition and size of the 
clinker particles. For this reason is important a good heterogeneous mixture in the first 
steps of clinker preparation. The pore structure has a great relevance on the final 
properties of the product; therefore we describe the three different levels in the cement: 
 
e.1 Macro scale 
 
In the macro scale, the cement paste is considered homogeneous and aggregates 
can be distinguished (see Figure I.7). In this scale the pore size is located in the range of 
0.1-0.5 mm, generally produced by the air introduced during the cement hydration. 
These pores are very harmful for the mechanical properties of the cement [21]. 
 
 
Figure I.7. Backscattered electron imaging image of concrete including paste aggregate interface. [22] 
 
e.2 Micro scale 
 
In this scale (between the millimeter and the nanometer), we can observe that 
cement is a heterogeneous composition of different elements (see Figure I.8). The C-S-
H gel appears as an amorphous material. The initial parameters, (for instance, the water-
to-cement ratio [23]), the stage of the grow of the hydration products and the available 
space [24] have a relevant importance in the morphology of C-S-H.  
 
C-S-H can be divided in two categories: the inner C-S-H and the outer C-S-H 
[2,5,25]. The inner C-S-H grows towards the inside of the clinker grain, occupying the 
place of the anhydrous phases while the outer C-S-H grows outwards the boundaries of 
clinker grain, space occupied by the water. The inner C-S-H is more compact and 
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amorphous than the outer C-S-H [5]. With regards to the crystalline components, the 
portlandite is easier recognizable as hexagon shapes crystals. In this scale, we found 
capillary pores as a consequence of the empty space when the hydration products 
replace the space occupied initially for the water and cement. The sizes of these pores 
change in function of the age of the cement. For early hydration cements, the size can 
reach 5 micrometers while for old cements, the size is between 10 and 50 nanometers 
[21]. 
 
Figure I.8. SEM pictures of cement surface hydrated for 480 min [26] 
 
e.3 Nano scale 
 
In this scale (<10
-6
m), we focus on the C-S-H gel structure. It is a very 
heterogeneous material and, consequently, it is difficult to obtain an accurate 
description of its structure. All the pores at this scale are inside of C-S-H and they 
induce processes as shrinkage or creep. Due to the importance of C-S-H gel, the 
structure and models to describe it will be discussed below.  
 
 
Figure I.9. TEM image of a synthetic C-S-H [27]. 
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f. Hydration cement products 
 
Here we describe the different elements obtained during or after the hydration. 
These final products define the cement properties and they depend of the all previous 
factors, as the water-to-cement ratio or curing time. 
 
f.1 Calcium hydroxide (Ca(OH)2) 
 
Calcium hydroxide known as portlandite and with the chemical formula 
Ca(OH)2 or CH in cement notation, is a crystalline product that occupies about 25% of 
volume in the paste. The size of each crystal is about a micrometer [28]. Portlandite has 
a hexagonal structure consisting of octahedrally coordinated calcium ion layers and 
tetrahedrally coordinated oxygen layers with hydrogen bound to oxygen as we can see 
in Figure I.10. The layers are too far away to establish hydrogen bond or other kind of 
interaction, thus the layer only interact themselves by weak dispersive forces [29]. 
 
The incidence of portlandite to the mechanical strength of the cement is 
negligible. However, it plays an important role in the degradation processes (as calcium 
leaching [30,31]) or in the corrosion of metals and the carbonatation. The carbonatation 
process is a degradation produced by the atmospheric CO2 in contact with the calcium 
inside the portlandite. This degradation is faster in presence of water [32]. The presence 
of large portlandite amounts ensures the high alkalinity levels of the cement paste, and 
protects the metals [21].  
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Figure I.10. Portlandite structure from two different points of view, being the blue balls the calcium, the 
red balls the oxygen and the white balls the hydrogen atoms. 
 
f.2 Ettringite (𝑪𝟔𝑨?̅?𝟗𝑯𝟑𝟐) 
 
Ettringite is the result of the hydration processes of aluminate and ferrite clinker 
phases with gypsum. During the hydration, when all the gypsum is consumed, the 
dissolution of aluminate continues and ferritephases consumes the ettringite to form 
another product with lower sulphate content. Despite this, the ettringite can survive this 
depredation and persist in the cement paste, with rod-shaped morphology, reaching until 
10 micrometers of length [5]. Ettringite belongs to the AFt family of compounds 
(Al2O3-Fe2O3-trisulpho). The ettringite structure is based on columns arranged parallel, 
formed by aluminium atoms octahedrally coordinated to hydroxyl groups alternated 
with three calcium atoms in a plane. The Ca atoms share and are coordinated to the 
hydroxyl groups of aluminium and to four water molecules placed in the space between 
columns. The stoichiometry of the columns leads to a charge excess, which is 
neutralized by sulphate ions placed in the channels between these columns [33,34]. 
 
f.3 Monosulphoaluminate (𝑪𝟒𝑨?̅?𝑯𝟏𝟐) 
 
Monosulphoaluminate is an AFm compound (Al2O3-Fe2O3-monosulpho), which 
is generated in the cement paste after the dissolution of ettringite, when the gypsum 
content has been consumed. It has a stoichiometry C4ASH12, with a layered structure 
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derived from that of portlandite. One in three Ca
+2
 ions are replaced by Al
+3
, distorting 
the principal layer and displacing alternate calcium atoms in opposite directions from 
the centre of the sheet. The charge defect is compensated by the inclusion of SO4
-4
 ions 
in the intralayer space, surrounded by water molecules. The water content is uncertain, 
variable in the range between 12 to 18 molecules per unit cell [5]. The structure of low 
water content varieties has not been yet determined. However, the most hydrated variety 
(with 18 water molecules in the interlaminar space) has a natural analogue called 
kuzelite, for which the structure is fully resolved [35]. 
 
f.4 C-S-H gel (Calcium silicate hydrate) 
 
C-S-H gel is the most important hydration product in the cement. It constitutes 
up to the 70% of volume of the solid phase, and is the main responsible for the chemical 
and mechanical behavior of the paste. The acronym C-S-H stands for Calcium-Silicate-
Hydrated with no fixed stoichiometry.  
 
C-S-H gel is a poorly crystalline material (semi-amorphous) of variable 
composition with a layer structure, similar to that of the mineral analogue tobermorite. 
Due to this poor crystalline structure, the accurate description of the C-S-H gel structure 
at the nanoscale is difficult. The electron microscopy techniques do not have enough 
resolution nowadays to reach the small sizes necessary to investigate the disordered C-
S-H gel structure, thus indirect methods as NMR, IR or X-Ray are the only available 
techniques to investigate it [36,37]. 
 
A typical idealization of C-S-H gel structure is showed in figure I.11. The gel is 
composed of silicate chains separated by calcium oxide layers, forming a layered 





present in the solution [25,38,39]. The silicate chains follow a wollastonite-like 
arrangement [40]. Each unit is an orthosilicic acid group, Si(OH)4, which has 
polymerized by condensation reactions to form the chains. In a early Portland cement 
pastes, almost all the chains are dimers, although they continue growing and the mean 
chain length after 23 years is 4.8 [41]. To explain the length of silicate chains, 
Richardson proposed the growth model, where a dimer cannot continue growing to form 
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a trimer, however two dimeric structures merged through a bridging monomer to form 
the pentamer [25,39,42]. 
 
C-S-H gel structure is not whole fixed, and for this reason, calcium silicon ratio 
(Ca/Si ratio) is generally used to characterize its composition. In first steps of hydration, 
the Ca/Si ratio value is between 1 and 2, but this value changes at final steps of the 
hydration, obtaining finally a mean value around of 1.75 [39,43]. 
 
 
Figure I.11. Schematic representation of the C-S-H gel. The length of silicate chains keeps together by a Ca-O layer. 
The atom sizes are not to scale. 
 
As we mentioned above, the C-S-H structure is not whole fixed, however in nature 
exists two minerals (tobermorite and jennite) with a similar structure and normally used 
as a model system for C-S-H gel. 
 
f.4.1 Tobermorite (Ca5Si6O16(OH)2 · 7 H2O) 
 
Tobermorite can be found in three different structures: tobermorite 9Å (or 
riverseidite), tobermorite 11Å, and tobermorite 14Å (or plombierite). All these 
structures are built of calcium oxide layers ribbed on both sides by silicate chains, 
forming layered structures, with water molecules and extra Ca
+2
 ions in the interlaminar 
space. The difference between the above mentioned forms of tobermorite is the 
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interlayer distance, labeling in the name of the structure. The space between the layers is 
filled with water. 
 
The tobermorite more similar to C-S-H gel is the so called tobermorite 14Å, due 
to the high amount of water in comparison with the others structures [23]. The 
tobermorite 11Å is a natural mineral (see figure I.12) but it can be also synthesized 
under hydrothermal conditions [44].  
 
The structure of tobermorite 14 Å is formed by a central calcium oxide layers 
connected with silicate chains in both sides. The silicate chains follow the already cited 
wollastonite-like arrangement, repeating the structure every three silicate tetrahedral. 
Two silicates tetrahedral are nearly connected to the calcium oxide layer while the 
remaining one is oriented to the interlaminar space. The Ca/Si ratio is ≈ 0.83, with a 





Figure I.12. SEM images of Natural Tobermorite at different magnifications. 
 
f.4.2 Jennite (Ca9Si6O18(OH)6 · 8 H2O) 
 
Jennite is a very rare mineral in nature, similar to tobermorite [45]. The structure 
of the jennite is similar to that of tobermorite with two differences: a) The tetrahedral 
silicate chains are also connected with the calcium-oxide layer and b) only half of the 
calcium atoms are connected with the oxygen atoms of the silicate group due to the 
higher content of calcium in the layer. Other half is connected to the hydroxyl groups 
which join the calcium oxide layer. The silicate chains are shifted, and the layers are 
charged negatively, counterbalanced by the Ca
+2
 ions placed in the interlayer space 
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g. Models for C-S-H gel – Porosity characterization 
 
This thesis deals with the study of water in the porosity of cementitious 
materials. Therefore, in this section we describe in detail different models to 
characterize the porosity of hydrated materials. There are still several questions about 
the pore space in cementitious materials and therefore model systems can help to 
describe the experimental results obtained for different characterization methods such as 
low temperature calorimetry, area BET and scanning electron microscopy (SEM).  
 
g.1 Microstructure  
 
Microstructural models are used for a representation of the complex pore 
network in the hydrated materials [47–50]. In the following we focus on models 
describing the structure of C-S-H gel. 
 
There are two different types of models: from one side it was suggested a 
granular model for C-S-H [47,49], and the other side, C-S-H was proposed to be 
composed of sheets with granulated structures [48]. 
 
The early work of Powers and Brownyard [47,51] proposed that the C-S-H gel is 
composed of particles that have a layered structure arranged randomly and bonded 
together by surface forces as in clays (Figure I.13.a)). Later Feldman and Sereda [48] 
improved this model by considering that the sheets composing the C-S-H gel do not 
have an ordered layered structure but they are rather an irregular array of single layers 
in which water molecules are structurally incorporated in the C-S-H structure (see 
Figure I.13.b)). These surfaces are covered by hydroxyl groups which are able to 
establish hydrogen bonds with the surrounding water molecules. McDonald et al. [50] 
proposed that water in a C-S-H gel pore can be immobile or mobile depending if water 
is intra CSH sheet or inter CSH sheet (see Figure I.13.c)).   
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We finally put special emphasis on the most recent colloidal model (CM) 
proposed by Jennings [49] since it can explain most of the experimental results reported 
in the literature regarding to hydrated cement. According to this model, the basic unit of 
C-S-H is a colloidal particle (globules) having a size of about 4 nm with a layered 
internal structure, in agreement with other models in the literature. During hydration, 
these globules form clusters to produce a porous structure with two different 
characteristic lengths: small gel pores (dimensions 1–3 nm) and large gel pores 
(dimensions 3–12 nm). Consequently, during the cure reaction water can be located in 
different confinement lengths ranging from 1 to 12 nm. It is important to note that the 
observation of the basic globule of C-S-H is very difficult. The only attempt in the 
literature corresponds to the atomistic study of Dolado et al. [52]. The authors studied 
the formation of C-S-H clusters by molecular dynamic simulations to predicte the 
appearance of a branched C-S-H nanostructure with segments of 3 x 3 x 6 nm
3
 sized 








5 - 10 nm
Calcium silicate sheets with OH- groups 
Interlayer space with physically bound H2O
Adsorbed H2O
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Despite a great number of models, the pore structure formation in hydrated 
cementitious materials is not fully understood. The pore structure is very complex and it 
changes with curing conditions or even with the inclusion of other supplementary 
materials, which makes it difficult to model and describe it in detail.  
 
The present thesis has the aim to contribute for the pore structure 
characterization of hydrated cementitious materials by studying the dynamics of 
confined water.  
 
In the following, we focus on the different classification of the pores in 
cementitious materials.  
 
g.2 Pores in cementitious materials  
 
When water reacts with cement, a porous material is obtained. After the reaction, 
part of water remains free in the pore space whereas other part forms structural 
component of the new solids. 
 
Pores in cementitious are defined as empty space or space which is filled with 
water. In the literature there are different pore classifications and also different 
terminology is used.  
 
A typical pore size distribution for hydrated cement covers a large range of pore 
sizes, from about a cm to as small as nm in diameter. Figure I.14 and Table I.2 show the 
different range of pores as well as the different terminology used in the literature. 
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Figure I.14. Range of pores and nomenclature used in the literature. a) Powers and Brownyard [47], b) IUPAC, c) 
Mindess [53], d)Metha-Monteiro [54] e)McDonald [50] 
 
Table I.2. Classification of pores and features in concrete [55] 
Type of Pore Description Size Water 
Capillary pores 
Large 10 μm – 50 nm Evaporable bulk water 
Medium 50 – 10 nm Evaporable moderate menisci 
Gel pores 
Small 10 – 2.5 nm Evaporable strong menisci 
Micropores 2.5 – 0.5 nm 
Non-evaporable 
Intermolecular interactions 




ITZ 20 – 50 μm Bulk water 




The most common pore classification and the one used in this thesis is the 
following: 
 Small gel pores 
 Big gel pores 
 Capillary pores  
 Air voids 
 
g.2.1 Gel pores, interlayer spaces in C-S-H, micropores, nanopores 
 
Gel pores might be defined as: "the gel porosity in the intrinsic part of the C-S-
H" [5]. Gel pores contribute to about 26% to 28% of paste porosity. 
 
According to Powers [56] the gel pores size is about 0.002 to 0.004 μm of 
diameter. Feldman and Sereda [48] proposed that the width of the gel pores could 
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fluctuate from 0.0005 to 0.0025 μm. McDonald and co-workers have proposed 0.004 
μm for inter C-S-H gel and 0.0015 μm for intra C-S-H gel [50]. 
 
At the present time, the most successful model is the Jennings model as above 
mentioned. In this model, Jennings analyses the N2 sorption with a measurement of 
Specific Surface Area (SSA) by Small Angle Neutron Scattering (SANS) and proposed 
the existence of two different types of C-S-H gel, based in their porosity [57]. In the 
model (CM-I, see Figure I.13 (d)), the C-S-H gel forms spherical building blocks with 
radius around 1.2 nm and with densities of 2.8 g/cm
-3
. Those spheres formed bigger 
structures called “globules” of 3 nm of radius with the density changing in function of 
the water content. These globules are packed in two different forms in function of their 
package factor: High Density (HD) and Low Density (LD). The main difference is that 
in HD C-S-H gel N2 cannot penetrate, meanwhile opposite occurs with LD C-S-H gel. 
In addition, SANS measurements cannot resolve where the HD C-S-H is located. 
 
In the Colloidal Model-II (CM-II), the microstructure of a cement paste can be 
schematically described as in Figure I.15. The basic globule is a disk-like object, whose 
thickness is around 4 nm, having a layered internal structure. The water inside the 
globule is located both in the interlamellar spaces and in very small cavities 
(intraglobular pores, IGP), with dimensions of 1 nm. The packing of these globules 
produces a porous structure, where two other main pores populations can be identified: 
the small gel pores (SGP), with dimensions 1-3 nm; and the large gel pores (LGP), 3-12 
nm in size. The inclusion of the sub-nanometric porosity in the description of the 
microstructure justifies most of the experimental evidence, representing a decisive step 
for the understanding and the control of the relationships between structure and 
properties. 
 




Figure I.15. Scheme representation of the CM-II. 
 
g.2.2 Capillary pores, macropores, mesopores 
 
Capillary pores (also called macropores or mesopores) are defined as the empty 
spaces after the hydration reaction takes place. 
 
Capillary pores depend on initial separation of cement particles, which is 
controlled by the w/c ratio. Studies have reported that capillary pores are direct related 
to the strength and durability issues [53]. 
 
g.2.3 Air voids 
 
Air voids are generally spherical and they are usually divided in entrained (50 to 
200 μm) and entrapped (approx. 3 mm) air voids. Entrapped air is the empty pores 
formed during the mixing and casting process. Entrained air is air purposely entrained 
by the addition of admixtures to the cement mixture. 
 
h. Water in cement-like materials  
 
Water is indispensable for the reaction of cement particles. Water is introduced 
during the process of mixing of the cement paste. The state of the pore water depends 
on the size of the pores and the ions in solution. Sereda [58] classified the water 
contained in cement pastes into three types:  
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(1) Chemically bound water (also called non-evaporable), is chemically bound to 
cement particles and becomes part of the cement gel. 
(2) Physically bound water (also called chemisorbed water) occupies the gel 
pores. 
(3) Free water is water inside the capillary pores. 
 
1) Chemically bound water or Non-evaporable water  
 
Non-evaporable water is a constituent of the solid material in the paste [59]. This 
water may be removed at low relative humidity or at high temperatures. Taylor and co-
workers [60] recommended drying at 11% RH to find chemically bound water which 
the interlayer water is part.  
 
2) Physically bound water or Gel water  
 
Powers and Brownyard [59] defined the gel water as the water contained in the pores of 
C-S-H gel. Gel water can be divided into: adsorbed and interlayer water. 
 
3) Capillary water or free water  
 
The sum of capillary water and gel water is termed evaporable water, which may 
be removed from the cement based materials using oven at 105 ºC [47]. According to 
Powers and Brownyard [59], capillary water is held in larger pores by capillary forces 
and it can be represent by desorption isotherm in equilibrium with RH of 40 to 100%. 
 
 
h.1 Experimental study of the dynamics of water confined in hydrated 
cementitious materials 
 
Very briefly, there are three main techniques to analyze the dynamics of water 
confined in hydrated cements: 
 
a) Quasi-elastic neutron scattering (QENS). 
b) Nuclear magnetic resonance techniques (NMR).  
c) Broadband dielectric spectroscopy (BDS). 
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While the equipment and data analysis are rather complex in a) and b), dielectric 
spectroscopy is much simpler. In addition, BDS can access a very broad frequency and 
temperature range compared with a) and b). The weakness of dielectric spectroscopy is 
the absence of spatial resolution. However, following a correct strategy, the dielectric 
results can be related with the microstructure of the material analyzed. 
 
All these techniques were used to analyze the dynamics of water in cementitious 
materials. We can mention the work of McDonald et al [61], Bohris  et al [62], Korb et 
al [63] and Nonat [64] using NMR and the work of Bordallo [65,66], Zhang [67], Ridi 
et al [68,69] to analyze the dynamics of water through QENS.  
 
In addition, and also to analyze the distribution of water molecules in these type 
of materials, several researchers [70–72] have studied the dielectric response of cement-
based materials mainly in the high-frequency range (10
4–109 Hz) but also in the low 
frequency range (10
−2–106 Hz) at room temperatures or higher [73]. However, to our 
knowledge, dielectric studies at subzero temperatures are missing in the literature until 
the development of this thesis [74–76]. 
 
i. Aim of this study 
 
This thesis aims to investigate the behavior of water molecules confined in 
cementitious material from an experimental point of view. Due to the complexity of the 
cement-water system, first we study the isolated C-S-H gel (the mayor binding phase 
that controls the chemistry and mechanics of cement). C-S-H gel is already a complex 
system with a broad distribution of the pores of different sizes. However, by means of 
dielectric experiments, we can access the dynamics of confined water molecules at 
supercooled temperatures. The dynamics of water in this system comprises different 
relaxations which spans a broad temperature and frequencies range. This is the first time 
to report the behavior of ultra-confined water at supercooled temperatures in cement 
like materials. 
 
Additionally, we study the influence of adding nano-silica (SiO2) and 
aminopropyl (-(CH2)3-NH2,) functionalized silica nanoparticles during the synthesis of 
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C-S-H gel. The structural characteristics were studied by solid state 29Si NMR, ATR-
FTIR, 13C NMR and XRD and XPS spectroscopy.  In addition, the dynamics of water 
within the pores of C-S-H gel was analyzed by BDS. We observed that water confined 
in C-S-H formed with the addition of nanoparticles is faster than that in C-S-H gel 
which can be related to a different porous structure in these materials. 
 
We also analyzed the dynamics of water confined in tobermorite because is a 
mineral used as a model system to describe microstructure of C-S-H gel. Water in 
tobermorite shows two different dynamics, the fastest process represents water 
molecules in Aluminium rich cavities; meanwhile the slow process represents the water 
in siliceous cavities. 
 
At the end, we analyzed the OPC at different water-to-cement ratio and water 
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Chapter II  




Water is the major constituent of the living organism. Water makes up 70 -80 % 
of all organisms and life is impossible without it. Cell biologists have come to recognize 
the importance of water for living organization and function [1]. In addition, abundance 
of water on the earth makes it involved in the processes involved in various fields of 
science and technology [2]. Most of water on the earth is in the bulk phase: crystalline 
form in glaciers and polar caps, liquid phase in the oceans and vapor in the air. In 
addition, part of water on the earth is affected by the presence of different boundaries, 
borders or restrictions. This water is usually called interfacial water and this is the type 
of water we are interested in this thesis. Sometimes in nature, water molecules are 
located in small nanometer sized cavities and in this case water is normally called 
confined water.   
 
Water differs from most other liquids with respect to many physical properties. 
The anomalous properties of water are those where the behavior of liquid water is quite 
different from what is found with other liquids [3]. Frozen water (ice) also shows 
anomalies when compared with other solids. In the literature, there are several reviews 
where all the water anomalies are explained in detail [4]  
 
b. Inside the water molecule 
 
Water molecules (H2O) are made up of two hydrogen atoms bonded to one 
oxygen atom (Figure II.1 (a)). Because of the way in which oxygen and hydrogen atoms 
are bonded, the area near the oxygen has a slight negative charge and the areas near the 
hydrogen have a slight positive charge. The positive and negative areas of the water 
molecule cause it to be attracted to other water molecules. Notice that the oxygen from 
one water molecule is attracted to the hydrogen from another and vice versa. This 
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allows water molecules to form associations with other water molecules in several 









Figure II.1. (a) The water molecule. (b) Dipole moment of water. 
 
As above mentioned, oxygen in the water molecule attracts electrons much more 
strongly than hydrogen, resulting in a net positive charge on the hydrogen atoms, and a 
net negative charge on the oxygen atom. The presence of a charge on each of these 
atoms gives each water molecule a net dipole moment (see Figure II.1 (b)). The 
molecules of water are constantly moving in relation to each other, and the hydrogen 
bonds are continually breaking and reforming at timescales faster than 200 
femtoseconds [5].  
 
 
Figure II.2. Phase diagram of water. Liquid, Vapor and the eleven different types of ice can be seen in the figure. 
 
The phase diagram of the water is complex (see Figure II.2), having a number of 
triple and critical points. Phase diagram of bulk water describes how the phase state of 
water changes with temperatures and pressure. This includes the liquid-vapor, liquid-
(a) 
(b) 
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solid and solid-solid phase transitions and also the hypothesized transitions between 
amorphous (glassy or liquid) phases of supercooled water. In the solid state water form 
more than 15 crystalline forms where the hexagonal ice is the most abundant. At 273.15 
K water freezes into hexagonal ice.   
 
c. Supercooled water 
 
Super-cooling is the process of lowering the temperature of a liquid or 
a gas below its freezing point without it becoming a solid. Bulk water become a solid at 
273.25 K However, applying fast cooling rates ( 105 K/min), water can be supercooled 
up to about TN = -42 
o
C (231.15 K). This is the nucleation temperature (TN) below 
which water becomes inevitably ice. This is a very particular temperature, usually called 
the starting point of the “no man´s land” [6]. Near of this range, water crystallizes into 
ice so rapidly that it can be difficult to observe the molecules that remain in liquid form.  
In addition, by fast rate of cooling or by compressing ordinary ice at low temperatures, 
very pure liquid water can be cooled (supercooled) below its glass transition 
temperature (Tg, a value still discussed in the literature [4,7])  in milliseconds to prevent 
the spontaneous nucleation of crystals. Amorphous ice is distinguished of regular ice by 
a lack of long-range order in its molecular arrangement. Different types of amorphous 
water can be formed called “hyperquenched glassy water” (HGW) or amorphous solid 
water (ASW). These glasses have a thermodynamic similarity with liquid water as well 
as some structural alike, due to their methods of formations and amorphous properties. 
However, amorphous water also crystallizes on heating at about 150 K.  
 
Thus, between 150 and 231 K there is no bulk liquid water as crystallization 
exist. These two temperatures define a temperature region called “no man´s land” in the 
sense that water cannot be liquid. Figure II.3 schematically shows the temperature 
regions discussed above. 
 
 
Figure II.3. This chart shows water's phases at different temperatures. Temperature is displayed in Kelvin.  
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In the 1970s, Speedy and Angell suggested that the existence of a second critical 
point at ~220 K that could explain many of the anomalous properties of water. 
Unfortunately, this second critical point is difficult to study as it lies below the 
homogeneous nucleation temperature. Figure II.4 shows the water phase diagram at low 
temperatures where this second critical point is displayed. There are several discursion 
in the literature regarding the experimental verification of this hypothesis [8–10]. Until 
now, there is no a clear experimental report which indefinitely indicates the existence of 
this 2
nd
 critical point.  
 
Figure II.4. This chart shows water's various phases at different temperatures and pressures. Figure taken from 
reference [11]. 
 
d. Confined water – Dynamical behavior  
 
When water molecules are trapped in the pore geometry of another material, we 
refer this situation as confined water. In this case, the phase diagram differs from the 
bulk one. Bulk phase transitions and surface transitions are modified due to the 
confinement in pores.  
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Almost all water in our bodies can be considered as confined or interfacial, since 
most of these water molecules are never more than about 5Å from other types of 
molecules, such as proteins, lipids and many other types of biomolecules [1]. In 
addition, certain amount of confined water may be expected in comets, which 
presumably represent a mixture of dust and ice. Furthermore, such interfacial water 
plays a major role in geology and in the type of materials analyzed in this thesis. It is 
therefore not surprising that the structural and dynamical properties of water in different 
types of environments have been extensively studied over several decades. 
 
Rigid porous materials can be categorized according to the degree of 
hydrophilicity or hydrophobicity, the topology of the network (order/disorder) and their 
pore diameter d (micro d < 20 Å, meso 20 Å < d < 500 Å and macro d > 500 Å). Water 
has been confined in disordered porous materials such as mineral clays [12], cement like 
materials [13–15], silica hydrogels [16], molecular sieves [17] and graphite oxide [18]. 
These materials are hydrophilic and display an interconnected pore structure with a 
broad pore size distribution and therefore give rise to an incomplete filling of the pores 
and water-surface interactions are therefore promoted. These characteristics are the 
source of changes in the dynamical behavior of the confined water. However, when 
water is confined in more regular systems such MCM-41 [19], the water dynamics is 
less influenced by the surface interactions, and a more ‘universal’ relaxation behavior is 
obtained [4].  
 
Figure II.5 compares the main relaxation of water confined in different 
confinement types (with sizes between 10 and 21 Å and well-defined geometry) as well 
as in some water solutions (at very high water concentrations, before crystallization 
occurs). Considering only these systems, it is evident that the relaxation time of water in 
both hard and soft confinement systems has the same time scale and the same activation 
energy at low temperatures, even if the nature of the confinement is different. This 
relaxation is the so called universal β-relaxation of water [4], and it can only be 
observed at very high water concentrations for soft confinements and for well-defined 
geometries (T>200K) with ‘smooth’ surfaces in hard confinements. At high 
temperatures surface or solute interactions dominate and the differences between the 
two types of systems are generally larger. In hard confinement systems with rough 
surfaces, the water relaxation becomes systematically faster than this universal 
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relaxation. The causes of this acceleration are not fully clear but it can be explained if 
the water forms small clusters of imperfect tetrahedral networks, rather than an 
extended hydrogen-bonded network.  
 
 
Figure II.5. Temperature dependence of the relaxation time in some confinement systems (hard-
confinements): mineral clays [12], molecular sieves [17], MCM-41[19], silica hydrogel [16], graphite 
oxide (GO) [18], white cement [15] AND C-S-H gel [13,14] and soft confinements: PVP [20] and 
PGME [21]. 
 
Commonly, the high-temperature dynamics of the interfacial water is strongly 
dependent on the porous host material, but below the crossover temperature both the 
activation energy and the relaxation time of the water relaxation is almost independent 
of the system.  
 
The relaxation time of water confined in all the materials above mentioned 
shows an Arrhenius behavior at low temperatures (170 to 200 K) with common 
activation energy of 0.5 eV [16]. At higher temperatures, a dynamic crossover from 
high-temperature non-Arrhenius dependence to a low-temperature Arrhenius behavior is 
normally observed.  
 
It is not clear why this crossover occurs, but it could be related with finite-size 
effects. Following the Adam-Gibbs theory [22], the size of the cooperative rearranging 
regions associated with the α-relaxation increases when the temperature decreases. 
When it reaches a certain size, in function of the confinement, these α-like cooperative 
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motions can no longer occur and only the intrinsic β-relaxation remains. When the 
confinement is sufficiently severe, the same phenomenon will occur for all liquids [23], 
but the anomaly for water is that it seems to occur even for relatively moderate 
conﬁnements of sizes considerably larger than the size of a few water molecules. 
Nevertheless, due to the strong network character of water at low temperatures, it is 
possible that the cooperative rearranging regions associated with the α-relaxation grow 
rapidly with the decreasing of the temperature and soon become larger than the size of 
the confinement. Although this interpretation cannot be fully proven it seems to be a 
good explanation for why the α-relaxation cannot be observed below the crossover 
temperature and for the almost system independent time scale and activation energy of 
the low-temperature water relaxation. It also explains why conﬁned water does not 
exhibit any clear calorimetric Tg [24–26] since Tg corresponds to the temperature for 
which the structural α-relaxation time reaches a time scale in the order of 100 s, and this 
time scale is never reached due to the conﬁnement-induced vanishing of the α-
relaxation. Thus, although the proposed explanation for the dynamic crossover cannot 
be proven, it is consistent with all available experimental ﬁndings. It is worth to 
mention then rather interpretations of this crossover were proposed in the literature. 
Most QENS studies of supercooled water in both hard confinements and on protein 
surfaces have indicated that there is a dynamic crossover at about 225K [8,27], although 
it has been argued that this crossover is due to an incorrect data analysis at the limit of 
the experimental energy resolution [28]. 
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 Chapter III  
Experimental Techniques and Samples  
 
The present section covers the experimental investigation of the project. First, an 
overview of the experimental techniques is given (Section a). Then, the characteristics 
(e.g. chemical and physical properties) of the materials used in this thesis are described 
(Section b).  
 
a. Experimental Techniques 
 
a.1 Differential Scanning Calorimetry (DSC) 
 
Differential scanning calorimetry is a technique that allows the study of different 
thermal transitions in materials. DSC quantifies the heat associated with these thermal 
transitions, induced in a controlled atmosphere by temperature changes (usually N2). 













 is the DSC heat flow signal, cp is the heat capacity, 
dT
dt
 is the heating rate and  
f(T, t) is the time dependent heat flow at an absolute temperature [1]. 
 
In this thesis, the calorimetric measurements (DSC) were performed using a 
Q2000 TA Instruments to determine thermal events on all the samples (see Figure III.1). 
DSC measurements were normally performed using a cooling–heating cycle between 
140 K and 300 K, at a rate of 10 K/min. 
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Figure III.1. DSC Q 2000 from TA Instruments employed for the calorimetric measurements. 
 
a.2 Thermogravimetric Analysis (TGA) 
 
Thermogravimetric analysis is based on the measurement of the sample mass as 
a function of temperature. The detection is performed through a microbalance, in a 
controlled atmospheric furnace. In this way, this technique is sensitive to any mass 
changes in the sample, therefore rendering information of decomposition, oxidation, and 
evaporation or desorption processes. 
 
In this thesis, the thermogravimetry analysis (TGA) was performed using a TA 
Instruments Q500 thermogravimetric analyzer (see Figure III.2). Samples were heated 
from room temperature to 800 °C with a ramp rate of 5 °C/min under a constant N2 flow 
of 25 mL/min.  
 
Figure III.2. Q500 thermogravimetric analyzer by TA Instruments employed for the TGA measurements. 
 
 
 - 47 - 
 
a.3 Fourier Transform Infrared Spectroscopy (FT-IR) 
 
In infrared spectroscopy, IR radiation is passed through a sample. Some part of 
the infrared radiation is absorbed by the sample and another part passed through 
(transmitted). The resulting spectrum represents the molecular absorption and 
transmission, creating a molecular fingerprint of the sample. No two unique molecular 
structures produce the same infrared spectrum. This makes infrared spectroscopy useful 
for several types of analysis. The infrared portion of the electromagnetic spectrum is 
usually divided into three regions: a) Near (4000-14000 cm
-1
), b) Mid (400-4000 cm
-1
) 




FTIR was used in addition with an attenuated total reflectance (ATR) stage. 
ATR generally allows qualitative or quantitative analysis of samples with little or no 
sample preparation. The main benefit of ATR sampling comes from the very thin 
sampling path length and depth of penetration of the IR beam into the sample. This 
measure way is different in comparison with traditional FT-IR sampling by transmission 
where the sample must be diluted with IR transparent salt, pressed into a pellet or 
pressed to a thin film, prior to analysis to prevent totally absorbing bands in the infrared 
spectrum. 
 
In this thesis, the infrared spectra were measured at room temperature over the 
range 600−4000 cm−1 using a JASCO 6500 spectrometer which was equipped with an 
attenuated-total-reflectance unit (ATR) (see Figure III.3). Each spectrum was collected 
with a resolution of 4 cm
−1
 and an average of 200 repetitive scans. The spectra were 
corrected for the base line using the software Spectra Analysis from Jasco and no 
smoothing of the data was performed.   
 
 
Figure III.3. FT-IR spectrometer 6500 by Jasco employed for FTIR experiments. 
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a.4 Broadband Dielectric Spectroscopy (BDS) 
 
The basis of dielectric relaxation spectroscopy as a tool to investigate molecular 
dynamics is the ‘Fluctuation-Dissipation Theorem’, which states that when a weak 
perturbation is applied to a system in thermodynamic equilibrium, its response reflects 
the internal fluctuations without perturbation [2–4]. In our case, we will study the 
dynamics of water in hard confinement systems by means of this relaxation technique. 
For that, we will measure the dielectric properties of a medium as a function of 
frequency at constant temperature. This allows us to extract information about both the 
dynamics (relaxation time) and interactions (via the permittivity values) of our systems.  
 
BDS is a technique used to study the polarization mechanisms in several 
materials caused either, (i) due to charge migration, or (ii) due to the orientation of 
permanent dipoles. When materials containing permanent dipoles are placed in an 
alternating (sinusoidal) external electric field, dipole orientation takes place due to the 
alignment of dipoles in the direction of the applied electric field. At high frequencies of 
the applied field, molecular dipoles fail to follow the variations in the direction of the 
external field and the measured dielectric permittivity will be determined by induced 
atomic and electronic polarization. However, as the frequency decreases the molecular 
dipoles will try to orient in the direction of the applied electric field. Further decrease in 
the frequency of the applied field increases the degree of orientation of molecular 
dipoles, which in turn increase the dielectric permittivity. At low enough frequencies, 
molecular dipoles follow the alternating electric field and a plateau of the dielectric 
permittivity (static value) is observed. This behavior is shown in Figure III.4. 
 
Figure III.4 Scheme of the behavior shown by dipoles when an external electric field is applied. 
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In a BDS experiment, the sample under study is placed between two parallel 
disk-shaped electrodes and the capacitance is described by 
 
𝑐 = 𝜀 ∙ 𝜀𝑜
𝑆
𝑑
     (III.2) 
 
where c is the capacity, ε is the relative dielectric permittivity of the sample, εo the 
permittivity in the vacuum, S is the area of the electrodes and d the distance between 
them. By considering a sinusoidal excitation, equation (III.2) can be rewritten 
 
𝐶∗(𝜔) = 𝜀∗(𝜔) ∙ 𝜀𝑜
𝑆
𝑑
      (III.3) 
 
where ω = 2πf. The complex permittivity can in turn be written as 
 
 𝜀∗(𝜔) = 𝜀 ′(𝜔) − 𝑖𝜀 ′′(𝜔) = 𝐶∗(𝜔) ∙
𝑑
𝜀0𝑆
      (III.4) 
 
being co the empty capacity.  
On the other hand, the voltage and intensity of a sinusoidal function are 
𝑉(𝑡) = 𝑉𝑚𝑎𝑥 cos(𝜔𝑡) → 𝑉
∗ = 𝑉𝑚𝑎𝑥    (III.5) 
𝐼(𝑡) = 𝐼𝑚𝑎𝑥 cos(𝜔𝑡 − 𝛿) → 𝐼
∗ = 𝐼𝑚𝑎𝑥 cos 𝛿 − 𝑖𝐼𝑚𝑎𝑥 sin 𝛿   (III.6) 
  
being δ = ωΔt.  











 we can recover equation (III.4), and write (III.7) as 
 





therefore, just measuring the current and the voltage we can obtain the capacity (eq. 
III.7) and the permittivity using the equation (III.4)   
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a.4.1 Phenomenological models of dielectric relaxation 
 
The Debye equation [5] represents the simplest problem of polarization. It is 
assumed that the decrease of the polarization in the absence of an external electric field 
is directly proportional to the polarization itself. In the Debye model, the permittivity is 
 
 








where Δε = (εs - ε∞) is the dielectric relaxation amplitude (or dielectric strength) and  is 
the Debye- relaxation time, a single time constant that would describe the dynamics of the 
system. ε’ is the real part of the complex dielectric permittivity and refers to the stored 
energy in the system, ε’’ is the imaginary part and is proportional to the dissipated 
energy. εs is the low frequency permittivity and ε∞ the high frequency permittivity. 
 
The Debye model fails for describing the relaxation behavior of many materials 
(and this is enhanced at low temperatures), which present a significantly broader loss 
peak. In these cases, the dynamics is somewhat ‘spread’, and it is characterized by a 
distribution of relaxation times, rather than by a single time. There are several different 
approaches for accounting for non-Debye behavior. We considered here empirical 
extensions of the Debye equation such as de Cole-Cole or Havriliak-Negammi 
equations 
 
Cole – Cole equation 
 
 
The Cole-Cole equation (CC) models a symmetrically-broadened loss curve (´´) 
and can be described by the formula [6] 
 
ε ∗ (ω) = ε∞ +
∆ε
[1+(iωτ)α]
     (III.10) 
 
the -parameter  describes a symmetric relaxation time distribution around the so-called 
Cole-Cole relaxation time,  , which gives the position of maximal loss.  
 
 




For representing broadened and asymmetrically shaped dispersion and loss 
curves, we consider the Havriliak-Negami (HN) equation  
 
ε ∗ (ω) = ε∞ +
∆ε
[1+(iωτHN)α]γ
    (III.11) 
 
where α and γ represent the shape of the dielectric spectra. α accounts for the 
broadening of the spectra, and γ, for the skewing of the spectra at high frequency.  
 
a.4.2 Relaxation times 
 
The mobility of dipoles depends on the local constraints experienced from their 
immediate surroundings. Local variations of these constraints results in the distribution 
of relaxation times. These relaxation time distributions present a characteristic time, at 





     (III.12) 





The Arrhenius equation, originally introduced to describe the variation of the 
rate constant of a chemical reaction with temperature, represents a widely used way for 
describing the temperature dependence of relaxation times 
 
τ(T) = τoexp (
Ea
kT
)      (III.13) 
 
where Ea is the activation energy related to rotational barriers, k is the Boltzmann’s 
constant, and τo is related to a molecular vibration time. This approach is based on the 
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idea that particles are pushed by thermal fluctuations to make transitions between two 




Glass-forming liquids are often characterized by nonlinearity in the ln  = f(1/T) 
behavior, which can be described via the Vogel-Fulcher-Tamman (VFT) equation [7] 
 
τα = τoexp (
B
T−To
)     (III.14)  
 
 
where o can be understood as the reciprocal of a ‘transition-attempt frequency’, B is a 
temperature factor and T0 is the so-called VFT-temperature, which is usually found at 
several tens below the glass-transition temperature Tg.  
 
α- and β- relaxation processes 
 
In glass-forming systems, the so-called α- and β- relaxation processes can be 
distinguished. The α-relaxation is a cooperative process involving segmental motions, 
thus subjected to interactions of both intra- and intermolecular nature. Its temperature 
dependence is usually described by the VFT law, Eq. (III.14) 
 
On the other hand, many systems exhibit localized secondary relaxations, known 
as β-relaxations, which are attributed to localized rotational fluctuations of the dipole 
vector (local conformational rearrangements). In this case, the temperature dependence 
is usually well described by an Arrhenius law. 
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Figure III.5  Relaxation times against the inverse of the temperature. Comparison of the temperature dependence for 
α- (VFT) and β- processes (Arrhenius). 
 
 
The explained features are implemented in the Novocontrol Alpha analyzer 
system, which is the device used for the study of water in cementitious materials. The 
measured temperature range was 110 – 250 K, and the frequency range 10-2 Hz – 106 
Hz, where the relevant relaxations appear at low temperatures. The samples were placed 
between parallel gold-plated electrodes, with a diameter of 20 mm and were typically 
0.4 mm thick. After fast cooling (rate > 20 K/min), the isothermal frequency scans 
recording ε*(ω) were performed every 5o over a temperature range of 100-250 K.  
 
 
Figure III.6. Left: general perspective of the Novocontrol Alpha analyzer and the temperature control. Right: sample 
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a.5 Scanning Electron Microscopy (SEM) 
 
SEM renders images of the sample surface by probing the specimen with a 
focused electron beam that is scanned across a rectangular area. Due to the interaction 
with the sample, the electron beam loses energy by a variety of mechanisms. This 
energy is in turn converted into alternative forms such as heat, emission of low-energy 
secondary electrons and high-energy backscattered electrons, light emission 
(cathodoluminescence) or X-ray emission, which provide signals carrying information 
about the properties of the specimen, such as its topography and composition. 
Therefore, SEM maps the intensity of any of these signals as a function of the position. 
A SEM microscope, seldom reach 50 KV and can show 40000x of magnification. 
 
In this thesis, we were used two different SEM equipments, a TM3000 tabletop 
microscope (Hitachi High-Technologies Corporation) and a Quanta
TM
 250 FEG 
(Intertek). In the first case, a direct magnification between 100x and 8000x and a 
voltage of 15 KV was used whereas the second case, a voltage of 30 KV and 
magnifications around 20000x was employed.  
 
a.6 Wide-angle X-Ray scattering 
 
The WAXS technique is used to determine the atomic and molecular structure of 
a crystal. This technique specifically refers to the analysis of Bragg peaks scattered to 
wide angles, which implies that they are caused by sub-nanometer-sized structures [8]. 
The diffraction pattern generated allows determining the chemical composition, phase 
composition, or the crystalline structure of materials.  
 
The sample is scanned in a wide-angle X-ray goniometer, and the scattering 
intensity is plotted as a function of the 2θ angle. When X-rays are directed in solids, 
they will scatter in predictable patterns based upon the internal structure of the solid. A 
crystalline solid consists of regularly spaced atoms (electrons) that can be described by 
imaginary planes. The distance between these planes is called the d-spacing. The 
intensity of the d-space pattern is directly proportional to the number of electrons 
(atoms) that are found in the imaginary planes 
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In this thesis, X-ray diffraction patterns were recorded on a Philips Expert Pro, 
using Cu K1 radiation (λ = 1.54056 Å), with a back monochromator. The radiation 
source was operated at a generator voltage of 40 kV and a current of 40 μA. The scans 
were carried out over the range from 2° to 70° (2θ) at 25 °C. Powder samples were 






Nuclear magnetic resonance (NMR) is a physical phenomenon in which a 
nucleus in a magnetic field absorbs and re-emits radiation. The specific 
resonance frequency of the radiation emission depends on the strength of the magnetic 
field and the magnetic properties of the isotope of the atoms. NMR allows the 
observation of specific quantum mechanical magnetic properties of the atomic nucleus. 
The NMR applied to solid samples is frequently used to determine their structures. 
 
NMR interaction has isotropic and anisotropic interactions, in function of the 
direction and intensity of the magnetic field. The anisotropic interactions depend of the 
expression 3 cos2(𝜃 − 1) being θ the angle between the magnetic field and the 
molecules of the sample. With simples geometrical considerations, if we choose θ = 54o 
44’, the expression is equal to 0, canceling all the anisotropic interactions. This angle is 
called “magic angle”, which gives name to the device (MAS-NMR). Despite of avoid 
the anisotropic interactions; there are some problems for NMR solid measurements, as 
chemical shift, scalar and dipolar attachment and quadrupole interactions.  
 
29
Si MAS-NMR has been a great advantage to determine silicon-like structures. 
A 
29
Si MAS-NMR signal is perfectly characterized by three parameters: position, width 
and intensity. The chemical shift is determined for the signal position in the spectrum in 
the frequency domain. The silicates structures can be explained from tetrahedrons that 
share from zero to four corners. Q
n
 nomenclature is used to describe the condensation 
degree of silicates units. Q indicates the binding of silicon with oxygen atoms and the n 
is the number of tetrahedrons linked by corners. In this way, Q
0
 describes an insolated 
tetrahedron, Q
1
 a tetrahedron that share a corner with another tetrahedron, Q
2
 two 
corners, as it is represented in figure III.7. The chemical shift regions are not exclusive 
for each kind of condensation, where the signals can be overlap (see Figure III.8) 









29Si Chemical shift in function of the condensation grade of the SiO4 tetrahedron. 
 
Another important application is the study of alumino-silicates, when occurs an 
isomorphic substitution of silicon by aluminum. To determine Q
n
, there is a 
displacement to more negative values when the number of aluminum that encloses the 
silicon atoms increased. Q
n
(1Al) means that the silicon is enclose by one Al and n 
oxygen atoms. Q
n(2Al) means a silicon enclosed by two Al and n oxygen atoms, etc…  
 
In this thesis we have used a 
29
Si NMR to study silicon molecules in solid state. 
The device used was a Bruker Avance III, 9.4 T with 
29
Si frequency of 79.495 MHz. 
The probes were CP/MAS with 4 mm of diameter. The pulse program was High power 
decoupled, at room temperature, with spinning rate of 10000 Hz, being the number of 
scans about 10000 per sample. 
 
 
 - 57 - 
 
a.8 X-Ray Fluorescence 
 
X-ray fluorescence (XRF) spectrometer is a relatively non-destructive X-ray 
instrument used for the chemical analyses of rocks, minerals, sediments and fluids. 
 
In this thesis we have used a WDXRF by PANalytical, AXIOS model with three 




In this section we will explain the protocols to prepare the different samples used 
in this thesis. 
   
b.1 Calcium silicate hydrate (C-S-H gel) 
 
C-S-H gel was prepared by mixing 5 g of pure tricalcium silicate (C3S) with 
1400 g of distilled water. The great water to C3S ratio served to maintain the calcium 
concentration in the solution low enough to prevent portlandite precipitation, but 
without affecting to the formation of C-S-H gel. The resulting dispersion was sealed in a 
container to avoid carbonation, and after 39 days of continuous stirring at room 
temperature, the dispersion was ﬁltered and the obtained solid material was dried in an 
oven at 60 
o
C for an hour. The resulting C-S-H gel had a water content of cw = 22 wt %, 
determined by TGA  
 
The X-ray fluorescence analysis reveals the presence of SiO2 (29.64%) and CaO 
(38.46%), and trace amounts of Al2O3 (0.12%) and Fe2O3 (0.05%), being the Ca/Si ratio 
1.29. 
 
b.2 C-S-H gel synthesized with the addition of nanoparticles 
 
The synthesis described in this section was done in collaboration with Tecnalia 
(Dr. Juan José Gaitero, Dr. Edurne Erkizia). First, we describe the nanoparticles used in 
the synthesis of C-S-H gel. We have used two different types of nanoparticles: 
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1) Colloidal amorphous Silica (NyasilTM 20 – Nyacol Nano Technologies, Inc) with 
a specific surface, Sspecific = 167 m
2
/g (mean diameter of the primary particles is 15 nm 
with a mean agglomerate size of 1400 nm) and pore volume = 1.74 cm
3
/g according to 
the data provided by the manufacturer.  
 
2) Amine functionalized silica nanoparticles (Stoga). The route of synthesis is 
based on the Stöber method [9] although in this case the tetraethoxysilane reagent is 
reacted with aminopropyltriethoxysilane in a one pot reaction to obtain the amine 
functionalization. Ethanol (4 L), water (83.3 mL), tetraethoxysilane (121 mL, 0.542 
moles) and (3-aminopropyl) triethoxysilane (13.2 mL, 0.0566 moles) are added to a 5 L 
Pyrex glass container. To this, concentrated ammonium hydroxide (39 mL) is added and 
the reaction is left stirring for three days. After three days, a white colloidal dispersion 
is obtained. The solid is separated from the solvent by centrifuge and decanting. The 
solid is washed three times with ethanol to remove any reactants and centrifuged and 
decant to collect it. The white solid obtained is air dried. The yield of the nanoparticles 
is around 40 g (between 35 g and 41 g). Size measurement by dynamic light scattering 
of the reaction dispersion, before centrifuging, of the nanoparticles was performed with 
a Zetasizer nano ZS (Malvern Instruments) giving a primary particle size of 150-160 
nm. However, after the centrifuging and drying the nanoparticles are agglomerated. The 
29
Si CP-MAS solid NMR (see Figure A of supplementary information) spectrum shows 
4 resonances: -111.7 ppm (Q4), -102.0 ppm (Q3), -67.9 ppm (T3) and -62.2 ppm seen as 
a shoulder in the previous peak (T2). The 
13
C CP-MAS NMR spectrum of the product 
shows three resonances due to the 3 carbons in the aminopropyl group (42.3 ppm (-
CH2-NH2), 21.0 ppm (-CH2-CH2-NH2), 9.0 ppm (SiO2-CH2-CH2-)) [10]. In Figure III.9 
shows a scheme and SEM image of both nanoparticles. 
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Figure III.9.  a) and b) shown a scheme and a SEM image of  NyasilTM nanoparticles, respectively. c) and d) shown 
the Stoga nanoparticle. 
 
Figure III.10 shows the results of the thermogravimetric analysis of silica 
(Nyasil
TM
) and amine functionalized silica (Stoga) nanoparticles respectively. For 
Nyasil
TM
 two steps on the thermo-grams are observed (seen as peaks in the derivative 
plot in the inset of Figure III.10). The first rapid initial drop of the mass (from room 
temperature up to 200 
o
C) corresponds with the loss of both adsorbed water on the silica 
surface and structurally bound water within the silica skeleton [11]. Above 200 
o
C, 
vicinal and geminal silanol groups on silica particles are condensed to siloxanes, and 
this is seen as a weight drop in a broad temperature range from 200 to 800 
o
C [11].  For 
Stoga particles, three steps are observed. The first step corresponds with the release of 
water whereas the second one between 200 and 400 
o
C, corresponds with the 
condensation of silanol groups to siloxanes. Finally, the last step between 450 and 800 
o
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Figure III.10. Thermogravimetric measurements (TGA) of the loss mass up to 800 oC for STOGA and NYASIL-20 
silica nano particles as indicated in the figure. The inset shows the weight derivative plot. 
 
Synthesis of C-S-H gel with the addition of nanoparticles: The C-S-H gels 
with nanosilica were prepared in the same way than CSH gel but also adding Stoga or 
Nyasil
TM
 nanoparticles. In the case of Stoga we have used 1.36 grams whereas for 
Nyasil
TM
 1.2 grams were used. In this way both samples had the same silica percentage.  
Silica nanoparticles were dispersed in 150 g of water using an ultrasonic probe before 
adding the rest of the water and the C3S. The solid material obtained at the end of the 
hydration process (33 days) was visibly wet even after the 60 min of drying at 60 ºC. As 
a consequence, drying time was increased in another 20 min. The resulting C-S-H gels 
had a water content of about cw = 24 wt % for both types of nanoparticles. Immediately 
after preparation, samples were further dried at 70 
o
C in a vacuum oven (this 
temperature allows water evaporation without structural damage) to reach the same 
water concentration of ordinary C-S-H sample. 
The values of the different components obtained by TGA are showed in Table 
III.1. 
 
Table III.1 Values obtained by TGA of the water (cw), and carbonatation (ccarb) content for the C-S-H samples 
 cw [wt%] ccarb[wt%] Ca/Si ratio 
C-S-H 21.20 7.90 1.30 
C-S-H Stoga 21.20 5.50 1.00 
C-S-H Nyasil 
TM 








In this thesis, we have used two types of tobermorite. The first one is a natural 
specimen whereas the second one was synthesized in the laboratory. 
 
Natural Tobermorite: Natural tobermorite was obtained from Sverdlovskaya 
Oblast, Middle Urals, Russia. Macroscopically, the bulk sample has white needle-like 
crystals in the interior of the rock (see Fig. III.12.a)). The SEM micrograph (Fig. 
III.11.b)) shows the typical elongated thin crystals that are observed in natural 
tobermorite [13]. These needle-like objects are also observed in the transmission 
electron microscopy micrographs (TEM, see Fig. III.11.d). TEM images reveal a 
layered structure with an interlayer distance of 1.1 nm. The water content was analyzed 
using thermogravimetric experiments (see Fig. III.11). The TGA shows a weight loss 
from room temperature to approximately 200 °C (because of water loss) and another at 
approximately 600 °C (because of the decomposition of CaCO3). From this experiment, 
the “as received” sample contains 10.60 wt% of water.  
 
The water content (cw) was determined based on the “dry” sample. The X-ray 
fluorescence analysis reveals the presence of SiO2 (41.75 %), CaO (37.07 %), Al2O3 (5 
%), MgO (0.26), K2O (0.20) and Fe2O3 (0.17 %), where the number between the 
brackets represents the weight percentage with respect to each oxide. The Ca/Si ratio is 
0.89.  
 
Tobermorite Synthesis: For the hydrothermal synthesis, 3.36 gr of CaO, 9.37 gr 
of colloidal SiO2 (Levasil 100/45 % with a solid content of 45 wt%) and 0.23 gr of 
nanoalumina (Al2O from Nyacol Nano Technologies) were added to 1.5 L of water with 
an initial Ca/Si ratio of 0.85. The mixture was maintained at 200 ºC and stirred for 4 
hours. Then, the product was filtered and dried at 60 °C for 12 h. Tobermorite was 
disaggregated with a mortar and pestle to obtain a fine powder and stored at room 
temperature until use. 
 
The X-ray fluorescence analysis reveals the presence of SiO2 (4.37%), CaO 
(35.37%), Al2O3 (2.01 %) and MgO (0.22), and the Ca/Si ratio is 0.82. The “as 
received” sample contains cw = 10.90 wt% (TGA experiment, Fig. A). The SEM 
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micrograph (Figure III.11.c) shows a lower overall crystalline material (less crystalline 
than natural tobermorite), but the TEM micrographs (Figure III.11.e) show the expected 
layered structure (1.1 nm), which correlates with the X-ray diffraction investigation.  
 
 
Figure III.11. a) and b) shown images of Natural Tobermorite, at real scale and with SEM, respectively. c) is a image 
of Synthetic Tobermorite by SEM. d) and e) shown TEM images of Natural and Synthetic Tobermorite respectively. 
f) represents, schematically, Anomaly Tobermorite.  
 
Figure III.12. TGA at 5K/min of both samples, Natural (N) and Synthetic (S) Tobermorite with 10.6 and 10.9 wt% 
respectively. 
The values of the different components obtained by TGA are showed in Table 
III.2. 
Table III.2 Values obtained by TGA of the water (Cw), and carbonatation (Ccarb) content for the 
tobermorite samples 
 cw [wt%] ccarb[wt%] Ca/Si ratio 
Natural Tobermorite 10.60 3.60 0.90 
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b.4 Ordinary Portland Cement (OPC) 
 
 The materials described in this section were done in collaboration with the 
Civil and Environmental Engineering of Chalmers University (Dr. Helen Jansson). The 
OPC used was supplied for the Cementa (Heidelberg Cement Northern Europe, 
Sweden). These cements were prepared with different water-to-cement ratio (from 0.3 
to 0.4). The water-to-cement ratio, like the hydration degree, are an important factors in 
the determination of the porosity of hydrated cement (see Figure III.13). The water-to-
cement ratio determines the percentage of hydration products and also the distribution 
of the porosity, which in turns determines  the strength or shrinkage [14].  
 
 
Figure III.13. Volume relationship among constituents of hydrated Portland cement pastes in function of a) the 
hydration degree and b) the water/cement ratio 
 
For the sample preparation, distilled water was used. To avoid water evaporation 
and sedimentation during the hardening, each sample was casted in a sealed plastic tube 
(diameter 2 cm), which was slowly rotated during 2 days.  After 1 week of hydration, 
circular samples was cut from the hardened material and then stored in plastic bags at 
room temperature (298 K). The analysis of the samples was done 3 weeks after the 
preparation casting.  
 
Figure III.14 shows the TGA response of cement samples as received. We can 
observe three different steps, being from lowest temperature to highest, the water loss of 
the sample, the decomposition of the CaOH and decomposition of CaCO3 into CO2 and 
CaO. The values of the different components obtained by TGA are showed in Table 
III.3 
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Figure III.14 TGA of all the cement samples at 5K/min. Three clear steps are observed, related with the 
water, portlandite and CaCO3 decomposition. 
 
Table III.3 Values obtained by TGA of the water (Cw), portlandite (Cportl) and carbonatation (Ccarb) content for the 
cement samples. 
Sample w/c cw [wt %] cport [wt %] CCaCO3 [wt %] 
Cem-0.40 0.40 24.50 5.50 3.80 
Cem-0.35 0.35 22.10 5.90 3.70 
Cem-0.30 0.30 18.10 4.50 3.40 
 
The X-ray fluorescence analysis reveals the presence of different oxides as 
shown in Table III.4. The Ca/Si ratio obtained was 3.31. For comparison, we also 
analyze a sample of white cement at w/c = 0.4. The result obtained with X-ray 
fluorescence analysis of this sample is also seen in Table III.4. 
 






Sample SiO2 Al2O3 Fe2O3t MnO MgO CaO Na2O K2O TiO2 P2O5 SO3 
Portland cement 14.54 2.93 2.20 0.03 1.83 48.20 0.07 0.72 0.22 0.04 1.78 
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 Chapter IV 
Water dynamics confined in C-S-H gel  
 
     The C-S-H gel is not only the most abundant reaction product, but it is also 
responsible for most of the engineering properties of the cement paste. As explained in 
Chapter I, C-S-H gel forms a continuous layer that binds together different crystalline 
phases developed during cement hydration, into a cohesive whole. The ability of the C-
S-H gel to act as a binding phase arises from its nanometer-level structure and in 
particular from the internal pore system. Models to explain this nanostructure were 
explained in Chapter I. 
 
Most of the engineering properties of cement are related to the porosity and the 
water entrapped in this porosity. However, to characterize the porosity and the 
distribution of water of hydrated cement paste is difficult. Because of the large range of 
pore sizes (from nanometers to tens of micrometers), no single technique can adequately 
characterize all of the components of the pore system. Moreover, to study the dynamics 
of confined water in cementitious materials, there are only three techniques available as 
also discussed in Chapter I. 
 
In this chapter, we show that broadband dielectric spectroscopy is an 
appropriated technique to study dynamics of water confined in C-S-H gel and other 
cementitious materials. From a scientific perspective, C-S-H offers an attractive 
confinement system where chemical and geometrical effects of the confinement of 
water can be investigated. We discuss the use of C-S-H gel for investigating the possible 
existence of a fragile-to-strong transition for water around 220 K. Such transition was 
observed at 220 K in a previous study [1] on a similar system, and it was there 
associated with a hidden critical point of bulk water. However, based on the 
experimental results presented here, there is no sign of a fragile-to-strong transition for 
water confined in C-S-H gel. Instead, the fragile-to-strong transition can be explained 
by a merging of two different relaxation processes at about 220 K. 
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a. Introduction – Dielectric response of C-S-H gel 
In a previous work [2], the influence of the hydration level on the dielectric 
response of C-S-H gel was studied. Different water contents in C-S-H gel were explored 
(from 6 to 15 wt%) where water remains amorphous for all the studied temperatures. 
The dielectric spectra revealed three different relaxation processes (see Figure IV.1) 
related to water molecules in C-S-H samples [2]. Each process has shown its own 
dynamical characteristics and two of them (2 and 3) are originated in different 
populations of water molecules. In the following, we described the most important 
characteristics of each relaxation process based on the relaxation maps at different water 
contents shown in Figures IV.2 and IV.3. 
 
 
Figure IV.1 (a) Dielectric loss spectra of C-S-H gel with cw = 11 wt%  measured at different temperatures (110, 120, 
140, 150, and 160 K); (b) Dielectric loss spectra of the same sample measured at temperatures from 180 K to 260 K 
each 5 K. Process 1, 2, and 3 denotes the three dielectric processes observed. The solid line through the data points 
represents the fits to the experimental data. In (b) dotted line represents the relaxation corresponding to process 1 
whereas the dashed-dotted line represents process 2. 
 
Process 2: The temperature dependence of the relaxation time of process 2 (see 
Figure IV.2) showed Arrhenius behavior at low hydration level with relatively low 
activation energy but as soon as one monolayer of water was reached by increasing 
hydration, a crossover in the temperature dependence of the relaxation times (from 
high-temperature non-Arrhenius to low-T Arrhenius) was observed. The presence of 
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this crossover was related with confinement effects [2] and the confinement size was 
estimated to be 1 nm.  
 
Process 3: At low hydration level the temperature dependence of process 3 also 
showed an Arrhenius behavior but the activation energy was higher than that of process 
2, indicating that water clusters exist even from low hydration levels. In addition, by 
increasing the hydration, the probability of water molecules to form big clusters 
increases and therefore water molecules can relax in a cooperative way. At the higher 
hydration level (15 wt %) water dynamics follows a VFT behavior indicative of 
cooperative-type motions. No confinement effects were observed for this process, 
indicating that for this type of water no topological constraints exist and therefore water 
molecules should be located in big pores.  
 
Process 1: The origin of the fastest relaxation (process 1) observed in C-S-H gel 
is not obvious. At very low temperatures (130–150 K) it appears as an excess wing, and 
it cannot be resolved as a separate peak, whereas at higher temperatures (above 200 K) 
it emerges as a well-resolved peak. It was observed that the relaxation strength of this 
fastest process is very small compared to that of the main peaks (processes 2 and 3) and 
that its intensity slightly depends on the water content [1].  
 
 
Figure IV.2 Temperature dependence of the relaxation time τ (T) for C-S-H samples at different water content. All 
three processes (1 to 3) have an Arrhenius temperature dependence at low water content [see (a) and (b)]. In (d) 
process 2 shows a slight crossover at 145 K whereas process 3 has Vogel–Fulcher–Tamman temperature dependence. 
The lines are fits according to the Arrhenius or VFT equation (see text). 
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Figure IV.3. Comparison of the temperature dependence of the relaxation time  (T) for process 3 [in (a)] and 
process 2 [in (b)] at the different water contents. 
 
b. Dielectric response of C-S-H gel at high water content  
 
b.1 Motivations: In this section we will present the rotational dynamics of 
hydration water confined in calcium-silicate-hydrate (C-S-H) gel with a water content 
of cw = 22 wt%. The motivation behind this study is to analyze the existence of a second 
critical point proposed for bulk water. 
 
Among a number of atypical properties of bulk water [3,4], a phase transition 
from a high density liquid to a low density liquid (the liquid-liquid critical point 
hypothesis [5] in the supercooled liquid region of the water phase diagram) in the 
temperature range of 220-230 K was predicted [6] (see chapter II). This phase transition 
is supposed to emerge as a sudden change in the water dynamics, at some point, in the 
temperature range where water normally crystallizes. Nevertheless, crystallization of 
water can be avoided by surface interactions or by confining it in small cavities (with a 
characteristic size of tens Å) and, therefore, some authors have tried to verify this 
hypothesis by study confined water, instead of bulk water, and from the results the 
existence of a “fragile-to-strong” transition of confined water at about 220 K have been 
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proposed. However, this fragile-to-strong scenario has been questioned and, despite 
numerous discussions, still an agreement has not been reached.  It should, however, be 
noted that confinements always introduce surfaces, which, in turn, have an influence on, 
as well as modify, the water dynamics. Therefore all extrapolations of such observations 
to the properties of the bulk state should be done very carefully.  
 
The fragile-to-strong scenario and its possible origin have been widely debated 
in the literature. From quasi-elastic neutron scattering (QENS) studies it has been 
observed that the relaxation times of confined water exhibit an abrupt crossover from a 
non-Arrhenius to an Arrhenius dependence as the temperature decreases, which has 
been associated with the appearance of the fragile-to-strong transition (FST) expected 
for bulk water.  The sharp change in temperature behavior has been observed for water 
in a variety of confining systems such as MCM-41 [7], carbon nanotubes [8], white 
cement [1] as well as in aqueous solution of DNA [9], RNA [10] and lysozyme [11]. 
Some of these, or similar confining systems, have also been studied by using other 
different experimental techniques, such as broadband dielectric spectroscopy (BDS) 
[12–19], nuclear magnetic resonance (NMR) [20], or a combination of different 
techniques [21–26]. In such studies, most likely due to the broadband frequency range 
analyzed such crossover for water was either not observed, or attributed to other causes 
different to that of the fragile-to-strong transition scenario. Thus, no correlation was 
found by studies of the same sample by QENS and other techniques.  
 
As mentioned, one of the systems investigated by QENS was hydrated cement in 
which an abrupt crossover was shown to occur for confined water [1]. Therefore we 





Hz) and temperature (110-300 K) range using broadband dielectric 
spectroscopy. We explore a higher water content since it enhances the sensitivity at 
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The results are presented in two different ways: 
 
1) Analysis of the dielectric permittivity in the high frequency range 106-108 Hz 
2) Including also lower frequencies and analyze the data in the broad frequency 
interval 10
-1
 – 108 Hz 
 
This twofold analysis method reveals that: 1) only considering a restricted 
frequency interval, the relaxation times seem to exhibit a clear crossover at T = 220 K, 
and thereby, we are able to reproduce the exact relaxation map obtained in reference [1]. 
2) Including also lower frequencies, i.e. investigating a broader frequency range, the 
suggested fragile-to-strong transition for water confined in C-S-H gel cannot be 
observed. Instead, two different well-resolved processes (denoted 1 and 2) are obtained. 
Obviously, the limitation of the frequency window is the origin of the apparent fragile-
to-strong transition, i.e. the crossover in temperature dependence at 210K obtained by 
QENS. As above mentioned the origin of process 2, which is known to be due to the 
dynamics of water molecules in small pores, the origin of process 1 is not established 
before. In this thesis, we will show that the fast process 1 in cementitious materials 
might be related to a relaxation process that is observed in other systems in which 
hydroxyl groups are present and of relative importance.  
 
b2. Thermal Characterization 
 
C-S-H gel was prepared as explained in Chapter III (section b.1). The “as 
received” sample contains cw = 28 wt% of water as measured by TGA (cw, expressed as 
grams of water/grams of dry cement).  A water content of 22 wt% was reached by 
drying the sample in a vacuum oven at 100 
o
C. This temperature allows water 
evaporation without structural damage. The sample was labeled as CSH-22. 
 
Water behavior inside the structure of C-S-H gel was characterized by DSC. 
Figure IV.4 shows that for cw = 22 wt%, there is crystallization of water at 231 K. The 
depression of the freezing point indicates that water is conﬁned in the solid structure 
developed during the formation of C-S-H gel. Crystallized water is probably located in 
pores larger than 3 nm [2]. This result is similar to previous observations for white 
cement [1].  




Figure IV.4. DSC heat flow curve obtained for the sample CSH-22. The exothermic and endothermic features 
displayed at cooling and heating is due to crystallization and melting of water, respectively. 
 






Figure IV.5 shows the imaginary part (´´) of the complex permittivity at 
different temperatures measured (190 – 225 K) in the frequency range 106-108 Hz 
obtained for CSH-22. In this frequency region, one single peak is observed at all 
temperatures, which was fitted with a symmetrical Cole-Cole (CC) function. Figure 
IV.5 shows the result of the fitting by solid lines. 
 
The temperature dependence of the obtained relaxation time (τ) is shown in 
Figure IV.6 by red squares. The time scale of this relaxation exhibits an Arrhenius-type 
temperature dependence below approximately T = (210  5) K. At higher temperatures 
a clear deviation from the Arrhenius behavior is observed. This behavior is in good 
agreement with that obtained for white cement by quasielastic neutron scattering 
(QENS) [1] (see purple triangles in Figure IV.5). It is important to remark that the 
QENS relaxation times were obtained at four different Q values (0.2, 0.4, 0.6 and 0.8 Å
-
1
) simultaneously analyzed to extract the averaged relaxation time . In addition, it is 
indicated that the relaxation times is almost Q-independent [1]. Moreover, a comparison 
between dielectric and QENS relaxation times can be made since it is well-established 
that the time scale deduced from neutron scattering at a momentum transfer Q of about 
0.9 Å
-1
 is comparable with that obtained by dielectric spectroscopy [27]. As seen in 
Figure IV.5.b), the time scale obtained from QENS is in perfect agreement to the 
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corresponding time scale of the dielectric relaxation, as expected for the Q values 
analyzed. Below 210 K, the relaxation times are fitted by the Arrhenius equation.  
 
The temperature dependences of the relaxation strength () and shape 
parameter () are shown in Figure IV.5.c). Both parameters follow a smooth behavior, 
 and  increasing and decreasing with temperature, respectively, i.e. neither the shape 
parameter not the relaxation strength change its behavior at the crossover in temperature 
dependence around T = 210 K. 
 
 
Figure IV.5  (a). The loss component, ε′′, of the complex dielectric permittivity (ε*(f)) for CSH-22 at different 
temperatures. An apparent single dielectric process is observed in this frequency range. The solid line show the least-
squares fit of a superposition of a power law for conductivity and a Cole-Cole function for the imaginary part. (b) 
Temperature dependence of the relaxation time (T) obtained from this fitting (red squares) compared to the 
relaxation times of white cement (purple triangles) obtained from reference [1]. The blue solid and dotted lines 
represent the Arrhenius and the VFT fitting of that sample, respectively. (c) Dielectric strength () and shape factor 
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 Hz, i.e. including also lower frequencies. Figure IV.6 (a and 
b) shows the imaginary part (´´) of the complex permittivity at 190K. In this case, we 
observe three dielectric processes (called process 1, 2 and 3 from the fastest to the 
slowest relaxation). Since all the obtained dielectric processes in the C-S-H gel are 
symmetric, we have used a superposition of three Cole–Cole (CC) functions plus a 
conductivity contribution (at low frequencies and high temperatures) to fit the dielectric 
spectrum at each temperature.  Figure IV.6.a) shows the result of the total fitting as well 
as the contribution of the three different processes separately at T = 190 K.  
 
 
Figure IV.6 (a). The loss component, ε′′, of the complex dielectric permittivity (ε*(f)) for CSH-22 at different 
temperatures. An apparent single dielectric process is observed in this frequency range. The solid line show the least-
squares fit of a superposition of a power law for conductivity and a Cole-Cole function for the imaginary part. (b) 
Temperature dependence of the relaxation time (T) obtained from this fitting (red squares) compared to the 
relaxation times of white cement (blue triangles) obtained from reference [1]. The blue solid and dotted lines 
represent the Arrhenius and the VFT fitting of that sample, respectively. (c) Dielectric strength () and shape factor 
() as a function of the temperature. 
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The temperature dependence of the relaxation times is shown in Figure IV.6b. 
The relaxation time of process 1 follows an Arrhenius behavior in the entire temperature 
range, with an activation energy of 0.18 eV and log(τ0) = −12.4. Process 2 presents a 
crossover from high temperature non-Arrhenius behavior to low temperature Arrhenius 
behavior at a temperature of Tcross = 155 K. Table IV.1 shows activation energies and 
the pre-exponential factor for all water contents for process 2.  Process 3 shows a non-
Arrhenius behavior which can be fitted with a single VFT. All these results are 
consistent with the previous results at lower hydration level [2].  
 
Figure IV.7 shows the comparison of the relaxation times obtained from both the 
restricted frequency and the broad frequency interval, as well as the relaxation times 
obtained by QENS in reference [1].  
 
Figure IV.7. Comparison of the relaxation times of CSH-22 and that obtained by QENS [1] obtained for the two 
different analysis approaches shown in figures IV.5.b) and IV.6.b). 
Table IV.1. Activation energy Ea and pre-exponential factor log(τo(s)) corresponding to process 2. Data at low water 
content were obtained from reference [2]. 
Sample cw  [wt %] 
Process 2 
Log (τo(s)) Ea (eV) 
CSH-06 6.25 -17.0±0.1 0.37±0.01 
CSH-09 9.75 -17.5±0.6 0.39±0.02 
CSH-11 11.00 -18.2±0.2 0.46±0.02 
CSH-15 15.10 -15.4±0.2 0.41±0.03 
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c. Discussion  
 
c.1 Crossover at T = 145K associated to finite size effects 
 
The change in temperature behavior of the relaxation times of process 2 at about 
145 K, resemble the VFT to Arrhenius crossover, expected for the -relaxation of glass 
forming liquids, if the confinement is severe enough [28,29]. This effect can be 
rationalized in the framework of the cooperativity of the dynamic glass transition [28]. 
Different models have been proposed to explain the non-Arrhenius behavior of the -
relaxation of glass forming liquids that all assume that the liquid consists of regions 
which are dynamically correlated. According to Adam and Gibbs [30], glass-formers 
are characterized by a self-organization of the molecules in the liquid, forming 
cooperatively rearranged regions (CRR). A CRR is defined as a subsystem, which can 
rearrange into another configuration, independently of its environment. The CRR size is 
small at high temperatures and increases with decreasing temperatures. Approaching the 
glass transition the size of the CRR becomes infinitely large (see cartoon in Figure IV.8) 
and a temperature dependence described by the VFT law can be deduces.  
 
The CRR size can be described by a characteristic length , that increases with 
decreasing temperature until the cooperative region comprises the whole system causing 
the freezing of mobility at To (see cartoon in Figure IV.8). The characteristic length of 
the CRR at Tg was estimated to be 1-4 nm, by different experimental techniques [31–
36], for several materials (polymers and glass forming systems). In this picture, 
confinement induces a crossover in the temperature dependence of the relaxation times 
when the CRR size reaches the characteristic confinement length. Below this 
temperature the CRR would remain constant and Arrhenius-like temperature 
dependence is expected.  
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Figure IV.8. Generic relaxation map showing the temperature dependence of the -relaxation. The temperature at 
which this process reaches a relaxation time of 100s (log() = 2) is defined as the glass transition temperature (Tg). In 
the figure a schematic illustration of the hypothetical cooperatively rearranged region (CRR), and how its size 
increases with decreasing temperature, is given. 
 
Taking the above arguments into account, process 2 could be assigned to the -
relaxation of water confined in C-S-H gel. Then, the crossover observed can be 
understood as an onset of finite size effects. At high temperatures (T > 145 K) the CRR 
size is smaller than the size of the confinement and a VFT-like temperature dependence 
of the relaxation time is observed. When the temperature is decreased (and the size of 
the CRR is expected to increase) the presence of confinement walls results in a 
limitation of the CRR growth.  Consequently, an Arrhenius behavior of the relaxation 
time is detected at lower temperatures. Since the calorimetric glass transition 
temperature (Tg) corresponds to the VFT extrapolation to relaxation times in the order 
of 100 s, it would not be experimentally detectable by DSC. A similar behavior has 
already been observed for several polymers confined under nanometric conditions 
[28,37–39].  
 
The presence of such a crossover (associated with confinement effects) for water 
dynamics in well-defined confinement systems has been observed in different types of 
systems. Water molecules confined in graphite oxide [40] show a crossover at about 
180 K, water in molecular sieves at 185 K [41] and water confined in MCM-41 at 180 
K [12]. Nevertheless, it is important to note that when water molecules do not suffer 
from confinement effect, the crossover is not generally observed. Instead, the 
temperature dependence of the relaxation time is shown to be of Arrhenius type in the 
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whole temperature range. The absence of such a confinement-related crossover was 
recently reported in the case of water around silica particles (SiO2) [42], and on rutile 
(TiO2 particles) [43]. Interestingly, an Arrhenius behavior over the full range of 
experimental temperatures was also observed for a monolayer of water confined in 
MCM41 [44]. Note that the main difference between C-S-H gel and silica particles is 
the fact that in the gel, water is confined in nano-pores of different sizes, whereas on the 
surface of the particles (SiO2 or TiO2) this restriction does not emerge since water 
molecules are located on the external surface.  
 
c.2 Relaxation map – Comparison between BDS- and QENS-experiments. 
 
As obvious from Figure IV.4b, the temperature dependence of the relaxation 





 Hz) resembles that obtained by QENS [1]. We thus get a relaxation map 
where this process changes from a low temperature Arrhenius behavior to non-
Arrhenius dependence at higher temperatures. The change in temperature dependence is 
observed as an abrupt crossover at about 220 K. The crossover together with an only 
smoothly variation of the CC (eq. IV.1) fitting parameters (relaxation strength ( ) and 
symmetric shape parameter () in the entire temperature range (Figure IV.5.c)), gives 
the impression of one single relaxation process that changes its temperature dependence 
around 220 K. As a consequence, by taking only this limited frequency interval in 
consideration, it is possible to believe in the existence of a fragile-to-strong transition 
displayed by an abrupt crossover in the temperature dependence of the relaxation 
process. However, by taking a broader frequency interval into account, a different 
scenario is obtained (Figure IV.6). In contrast to the sudden change in temperature 
dependence as obtained by QENS (and also by BDS in the limited frequency interval) 
the relaxation process is well described by an Arrhenius temperature dependence in the 
entire temperature range where it is visible. However, as seen in Figure IV.6.b, in the 
temperature interval where the apparent crossover occurs, two different relaxation 
processes (1 and 2) are approaching in time. At low temperatures (T < 180 K) these two 
processes are well separated in frequency, whereas at higher temperatures they become 
very close to each other. So, if the analysis is performed in a restricted frequency 
interval, only the faster relaxation is observed and, consequently, the crossover is 
produced. Thus, the crossover is only a merging between two different processes. This 
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behavior is also in agreement with a recent study on LiCl solution by dielectric 
spectroscopy and dynamic light scattering [24] where it was shown that the fragile-to-
strong transition is only an effect of the limited resolution obtained by QENS. The 
effect of resolution and the choice of analysis method were also discussed by Doster et 
al. [21] in a recent QENS study on protein hydration water. Thus, for water confined in 
various systems, including C-S-H gel, the apparent crossover is not due to a fragile-to-
strong transition. Rather it is a consequence of that the analysis is performed in a limited 
frequency interval, which at least for the C-S-H gel is the merging region of two 
different relaxation processes, which occur at temperatures above 210 K.  
 
c.3 Possible Molecular Origin of the fastest relaxation in C-S-H  
 
As mentioned above, the origin of the fastest relaxation process (process 1) 
observed in C-S-H gel is not obvious. At very low temperatures (130-150 K) it appears 
as an excess wing, and it can thus not be resolved as a separate peak, whereas at higher 
temperatures (above 200 K) it emerges as a well-resolved peak. In our previous study 
we observed [2] that the relaxation strength of this fastest process is very small 
compared to that of the main peaks (processes 2 and 3) and that its intensity slightly 
depends on the water content. Therefore, we have, stepwise, removed most of the water 
from the C-S-H gel by drying it under an inert atmosphere (inside the dielectric 
cryostat) at different temperatures (120, 200, 250, 350 
o
C) during one hour in order to 
study the origin of this fast relaxation process. The inert atmosphere is important since it 
ensures that neither carbonatation nor other reactions occur in the gel [45]. After each 
drying cycle, a loss spectrum was collected. In Figure IV.9 the result is shown for T = 
130 K.  From this Figure, it is observed that process 2 and 3 disappear even at the 
lowest drying temperature (120 ºC). This is an expected behavior since it is generally 
considered that free water molecules evaporate when heating/drying cementitious 
materials at 105 ºC [46]. On the contrary, the fastest process (process 1) is still present 
after drying at very high temperatures (350 ºC). Thus, even if the intensity of process 1 
varies with water content it is not likely that its origin is due to motion of water 
molecules since this fastest relaxation remains also after extensive drying even at high 
temperatures. As will be discussed below, another origin than the relaxation of water 
molecules could also explain this small variation of the dielectric strength. 
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Figure IV.9. Loss component (ε′′) of the complex dielectric permittivity at 130K, after drying at different 
temperatures (120, 200, 250, 350oC) during one hour. 
 
From Figure IV.9 it is, furthermore, obvious that the intensity of process 1 is 
somewhat decreased with increased drying temperature and that the relaxation becomes 
slightly faster. The calculated activation energy associated with this process is 0.24 ± 
0.03 eV, for all the drying temperatures analyzed. The fact that this value is somewhat 
higher than the corresponding value obtained for the water containing sample (CSH-22) 
indicates that the water molecules are acting as a plasticizer in the non-dried samples.  
Thus, even if the origin of process 1 cannot be attributed to a pure water relaxation it 
seems that the water acts as an amplification of the signal. Therefore, we have to look 
for other polar groups in our sample, or preferably polar groups at the surfaces of the C-
S-H gel to which water can bind (or be released with increasing temperature). The 
surface of the C-S-H gel contains both silanol (Si-OH) and calcium hydroxide (Ca-OH) 
groups [45,47–49]. These groups are both polar and have an active dipole moment (1.5 
D) comparable to that of the water molecule (1.85 D). As dielectric spectroscopy is 
probing the fluctuations of dipole moments, our results could thus be an indication on 
that the fastest process is due to the reorientation of these hydroxyl groups. This view is 
also supported by the value of the activation energy (0.24eV) founded for this process, 
which is very close to the energy required to break a single hydrogen bond (0.22 eV) 
[50]. Such an interpretation is furthermore consistent with an earlier study on high 
temperature treated silica gel, where a fast process with similar activation energy was 
attributed to the rotation of surface bonded hydroxyl groups [51]. A similar result was 
also obtained for water in montmorillonite (hydrated clays) [52]. In addition, studies on 
dried amorphous polysaccharides (cellulose and dextran) with two and three hydroxyl 
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groups per ring, respectively, have shown on a weak relaxation similar to the here 
obtained process 1, however, with a somewhat higher activation energy of 0.33 eV [53]. 
Intriguingly, a similar fast process with a relatively low value of the activation energy is 
also found in other systems containing large amounts of hydroxyl groups such as, for 
instance, MCM-41 and various biological systems [13,14,54,55].  
 
However, even if it cannot be established from the present study that process 1 
in C-S-H gel has the same molecular origin as water in various types of hydrophilic 
confining systems; it is interesting to compare the results with the behavior of water in 
other types of hydrophilic systems containing large amounts of hydroxyl groups. For 
instance, in a previous study on D2O in MCM-41 [56] it was found that water exhibit a 
crossover from a high temperature VFT to a low temperature Arrhenius behavior, where 
the low temperature process has about the same activation energy as the here observed 
process 1. This scenario is thus in agreement with what was found for water in C-S-H 
gel by analyzing only a limited frequency interval (see Figure IV.5.b)). On the other 
hand, in a study on water in MCM-41 by dielectric spectroscopy there was no sign of a 
transition [57]. In that study the fastest dielectric process was shown to follow an 
Arrhenius temperature dependence in the entire temperature interval where it was 
observable. Thus, a similar behavior as was found when analyzing the water containing 
C-S-H gel in a broader frequency interval (see Figure IV.6.b). Moreover, from a study 
on D2O in MCM-41 [58] it was suggested that the crossover occurs in the central region 
of the pores and that the water close to the pore walls does not participate in the 
transition. This scenario would then be in accordance with our interpretations on surface 
bonded hydroxyl groups but however in contrast to the results obtained for a copper-
based hydrate [59] that showed that it is the relaxation times of water condensed on the 
surfaces that deviate at low temperatures. Thus, even if it is perfectly clear that process 
1 is not due to the relaxation of water itself, we can only speculate about the origin of 
this process from the present results. More detailed studies are needed to elucidate the 
origin of the fastest process in C-S-H gel and its possible relation to the fast weak 








The present dielectric study on the dynamics of water in C-S-H gel shows no 
sign of the fragile-to-strong transition as previously has been indicated by QENS for a 
similar system. Instead the apparent crossover in the temperature dependence is here 
shown to be due to that the analysis is performed in a very limited frequency interval, 
which, in turn, masks the merging between the main water relaxation and a faster 
relaxation process. This is also consistent with recent literature data [20–23] on other 
systems. 
 
When the pore water in C-S-H gel is dried out, it is shown that processes 2 and 3 
(both originate from the dynamics of water molecules) disappear whereas the fastest 
process 1 remains. Due to this, process 1 could be attributed to the non-removable and 
dielectrically active hydroxyl groups on the surface of the C-S-H gel.   
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Chapter V 
Structure and dynamic of water in C-S-H gel 
synthesized with nanoparticles 
 
In this chapter we analyze whether dielectric spectroscopy is able to detect 
changes on water dynamics when changes in the microstructure of C-S-H gel are 
produced. Changes in the microstructure of C-S-H gel, were produced by adding silica 
nanoparticles during the synthesis.  
 
We used two types of nanoparticles: colloidal silica (SiO2) and aminopropyl 
functionalized silica nanoparticles. Unlike in other studies, here the composites were 
obtained by adding silica nanoparticles and aminopropyl functionalized silica 
nanoparticles to C3S before its hydration reaction. The main motivation for adding 
functionalized nanosilica is that mechanical properties can be improved. In our 
particular case, we also want to address the behavior of water confined in the new 
microstructures formed. Therefore, we need to do a structural study of the synthesized 
product. After a short introduction, we characterize the materials and we analyze the 
dynamics of water by means of BDS. 
 
a. Introduction  
 
It is known that the addition of a small amount of silica particles during 
hydration of cements materials improve its mechanical properties [1–6]. A wide variety 
of nanoparticles (such as SiO2, TiO2, nano-clays, carbon nanotubes and Fe2O3 
nanoparticles) were added to cement like materials to improve it performance. The 
addition of colloidal silica (SiO2) promotes and accelerates the dissolution of C3S and, 
therefore a rapid formation of C-S-H phase in cement paste is produced [1]. 
Nanoparticles also react with CH (i.e. pozzolanic reaction), promoting the increase of 
C-S-H gel in the cement paste
 
[7–9] and it has been also reported a decreasing of the 
Ca/Si ratio which benefits the properties of the final product [10]. It is important to note 
that these processes are affected by both the size and the dispersion of the nanoparticles, 
being the colloidal dispersions more effective than the powder [11].  
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Microstructural studies performed by area BET and nuclear magnetic resonance 
indicated that Portland cement with nano-silica produce a more solid and stable bonding 
framework [12] due to the formation of denser microstructures through growth of silica 
chains in C-S-H instead of pozzolanic effects [13]. Moreover, the incorporation of 
organic moieties inside the C-S-H gel structure could also improve its properties such as 
mechanical and durability [14,15]. These improves have been studied by many authors, 
incorporating organic compounds/moieties in the C-S-H gel structure trying to obtain 
the properties of the organic material as it is seen in natural biocomposites [14–18]. 
 
b. Samples – C-S-H gel and C-S-H gel synthesized with 
nanoparticles 
 
Three different samples were prepared by hydration of C3S in excess of water:  
 
a) Pure C-S-H gel (CSH),  
b) C-S-H gel with commercial silica nanoparticles (CSH-Nyasil),  
c) C-S-H with amine functionalized silica nanoparticles (CSH-Stoga).  
 
It is important to remark that the C3S was added last to the water with the 
nanoparticles (previously dispersed with an ultrasonic probe) and therefore the 
pozzolanic and hydration reactions took place at the same time.  
 
The three samples were characterized by TGA (see Figure V.1)) C-S-H gel has a 
water content (cw, expressed as grams of water/grams of dry solute) of approximately 
cw = 21 wt % whereas in the case of CSH-Nyasil and CSH-Stoga the resulting gels had 
a water content of about cw = 24 wt %. Immediately after preparation, samples were 
further dried at 70 
o
C in a vacuum oven (this temperature allows water evaporation 
without structural damage) to reach the same water concentration than ordinary C-S-H 
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Table V.1. Water content (cw) and carbonatation content (ccarb) obtained from the thermo gravimetric 
curves in Figure V.1. 
 Cw [wt%] Ccarb [wt%] 
C-S-H-22 21.24 7.90 
CSH-Nyasil 21.77 2.70 
CSH-Stoga 21.25 5.50 
 
 
Figure V.1. Thermogravimetric measurements (TGA) of the loss mass up to 800 oC for CSH, CSH-Nyasil and CSH-
Stoga. The inset shows the weight derivative plot for the same samples. 
 
c. Structural effect of the addition of nanoparticles on C-S-H gel 
 
We will first discuss the structural aspects observed in all the samples by 
29
Si 
MAS-NMR. By this technique, the chemical shift of silicon is determined by the 
chemical nature of their neighbors. In particular, two different structures are considered: 
Tn and Qn structures [19]. Q-species represent the silicon atoms bonded to four oxygen 
atoms whereas T-species are the silicone atoms only bond to three oxygen atoms (see a 
scheme in Figure V.2).  
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Figure V.2 Schematic representation of a silicate chain to analyze the 29Si NMR for the structure of C-S-H. Qn (n = 






Figure V.3 shows the NMR spectra for all the samples analyzed. For CSH, the 
result is similar to that found in previous studies [20–23]. This spectrum shows two 
chemical shifts at -81.30 (Q1) and -87.05 (Q2) ppm respectively. Between Q1 and Q2 
there is a small shoulder, located at -84.0 ppm (Q2B) which can be only distinguished 
after deconvolution of the signal. Q1 has been assigned to the end-chain tetrahedron; Q2 
corresponds to the in-chain tetrahedra and Q2B to the bridging positions of the 
dreierketten structure (i.e. silicate chains with a period of three tetrahedrons). For CSH-
Stoga and CSH-Nyasil, we observe a shift of all the signals to more negative values. 
This shift is particularly noticeable in the case of CSH-Stoga and it indicates that the 
degree of silicate polymerization becomes much more important with the addition of 
amino-propyl functionalized nanoparticles. In addition, the lack of Q0 in all samples 
indicates that C3S in these samples was fully hydrated.  
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Figure V.3. (a) 29Si NMR spectrum of CSH, CSH-Nyasil and CSH-Stoga. The solid line is the superposition of three 
peaks for CSH and CSH-Nyasil (Q1, Q2 and Q2B) or four peaks for CSH-Stoga. (Q1, Q2, Q2B and T1). (b) and (c). 
Comparison between 29Si NMR spectra of Stoga nanoparticles and CSH-Stoga and Nyasil nanoparticles and CSH-
Nyasil respectively. 
 
The components of the spectra of C-S-H gels obtained from the deconvolution 
process are shown in Figure IV.3.and the relative area of each component (Q1, Q2B and 






      (V.1)  
 
Similarly, the average chain length L (number of silicates bound together in a chain) is: 
 
 𝐿 =  2 (1 +
𝑄2
𝑄1+𝑇1
)     (V.2) 
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Table V.1 shows the results of both nc and L. The degree of connectivity and the 
length of the silicate chains increase with the addition of the nanoparticles being larger 
in the case of CSH-Stoga. This result is in agreement with previous studies on the effect 
of the addition of SiO2 nanoparticles to cement based materials. However, to the best of 
our knowledge this is the first time this behavior is observed for amino-propyl 
functionalized silica. Table V.1 also shows an increase in the Q2/Q1 ratio in samples 
with nanosilica which is, once again, bigger for the amino-propyl functionalized 
particles. It is known that the mean chain length increases with decreasing Ca/Si ratio 
especially for values below 1.1–1.3[25,26]; therefore this might also be the reason for 
the formation of longer silicate chains. In addition, the amino-propyl group is highly 
hydrophilic and this could also have an impact on the gel formation because of rapid 
hydration compared with Nyasil nanoparticles [27].  
 
Table V.1. Area of Q1, Q2, Q2B and T1 peaks of 
29Si NMR spectra in Figure 3a. nc is  the average degree of 
connectivity, L  is the average chain length and C/S represents the Calcium/Silicon ratio obtained by XRF. 
Sample Q1 Q2B Q2 T1 nc L Ca/Si 
C-S-H-22 0.58 0.13 0.29 0.00 1.54 3.45 1.30 
CSH-Nyasil 0.28 0.25 0.47 0.00 1.72 7.14 0.98 
CSH-Stoga 0.16 0.29 0.49 0.06 1.78 9.21 0.96 
 
 
Now we compare the spectra of bulk nanoparticles with that of CSH-Nyasil 
(Figure V.3b) and CSH-Stoga (Figure V.3c) respectively. Stoga and Nyasil 
nanoparticles show two resonances of Q-species (Q3  -103 ppm and Q4  -113 ppm) 
attributed to isolated silanol groups at the surface of silica nanoparticles and Si-O-Si 
bond in the bulk of the particles respectively. CSH-Stoga and CSH-Nyasil do not show 
these Q4 and Q3 resonances as the Stoga and Nyasil nanoparticles do [28], which 
indicates that the silica nanoparticles have reacted and have formed 2D silicate chains. 
In addition, although T2 and T3 resonances are present in the spectrum of Stoga particles 
(T2 and T3 correspond to silicon units that contain the organic moiety and condensed 
with two or three siloxane bonds respectively) they are absent in CSH-Stoga. However, 
the apparition of T1 resonance in CSH-Stoga (which does not appear in the Stoga 
particle spectrum) indicates that the amino-propyl functionalized siloxane groups have 
incorporated predominantly at the end of the chains. This structural preference of the 
aminopropyl functionalized silicate tetrahedra has also been observed by Minet et al. at 
low concentrations of functionalization (trialkoxysilane) [14,29] 





To gain further insight into the nature of the nanoparticle addition in C-S-H gel, 
we have performed measurements of attenuated-total-reflectance Fourier Transform 
infrared (ATR-FTIR) at room temperature. The results of the measurements are shown 
in Figure V.4.  
 
 
Figure V.4. ATR-FTIR spectra in the range of 1200-600 cm-1 of CSH, CSH-Nyasil and CSH-Stoga. 
 
The intense band at 952 cm
-1
 is attributed to the stretching vibrations of Si-O 
bonds in the tetrahedra of C-S-H gel. This band slightly moves to 959 cm
-1
 in both 
CSH-Nyasil and CSH-Stoga. The band at 811 cm
-1
 (due to symmetric stretching 
vibrations of Si-O bonds in C3S) [30] shifts to 830 cm
-1
 and its intensity decreases for 
the CSH-Stoga and CSH-Nyasil. This indicates [1] that the presence of nanoparticles 
accelerates the dissolution of C3S. The broadband region from 1000 to 1200 cm
-1
 is 
attributed to the Si-O stretching vibrations. Björnström et al [1], by quantum chemical 
model calculations, established that for silicates with increasing connectivity (similar to 
those found in the layered structure of C-S-H gel), the vibrational frequencies of Si-O 
increase. Deconvoluting the region from 900 to 1150 cm
-1
, we found that for CSH, two 
bands at 987 and 950 cm
-1
 are enough to describe the data. By contrast deconvolution of 
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CSH-Stoga and CSH-Nyasil requires four bands located at 1060, 989, 961, and 921 cm
-
1
 respectively. Thus, the band at 987 cm
-1
 of C-S-H slightly shifts to 989 cm
-1
 and, in 
addition, another band appears at 1060 cm
-1
. This new band, placed at higher 
wavenumbers, reflects the fact that the silicate chains are longer in CSH-Nyasil and 
CSH-Stoga than in the C-S-H. These findings are in agreement with the above results 
obtained by 
29




Finally, with the aim of detecting the presence or absence of the amine group in 
CSH-Stoga, we performed XPS measurements. This technique is sensitive to the 
presence of a given chemical group based on the binding energy of the emitted 
photoelectrons. Figure V.5 shows a survey spectrum of CSH-Stoga, whereas the Inset 
shows the N 1s region. As shown, N 1s signal appears as a single peak located at 399.6 
eV, which can be assigned to the C-NH2 bond. This confirms the existence of this 
functional group in CSH-Stoga. 
 
 
Figure V.5. Survey spectrum of CSH-Stoga acquired by means of XPS. The Inset shows the N 1s region, where the 
blue line corresponds to the fitting with a single peak centered at 399.6 eV. 
 
In conclusion, the structural study on these materials reveals that the silicate 
chains of C-S-H gel when the nanoparticles are added during hydration of C3S, are 
longer than in the case of ordinary C-S-H gel; being this effect more important in the 
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case of aminopropyl functionalized nanoparticles. In CSH-Stoga the functionalization 
of silica particles (-(CH2)3-NH2) remains in the C-S-H network (XPS measurements and 
13
C NMR) and particularly at the ends of the silicate chains of C-S-H gel (presence of 
T1 species in 
29
Si NMR).  
 
Hence, the silicate chains looks as shown in Figure V.6 where we show that the 
aminopropyl group is grafted onto the end of the silicate chains and even the amino 
group can establish a hydrogen bond with the silicon in the SiO4 tetrahedra. In the 
silicon–oxygen tetrahedron, the central silicon ion has a value of electronegativity lower 
than oxygen and therefore there is an “electronic appetite” on the silicon atom. Thus, the 
tetrahedron feels the attraction of the lone pair electrons of the amine, and it approaches 
causing hydrogen bonding between the oxygen (in the silicon tetrahedron) and the 
hydrogen atom belonging to the amine as shown in Figure V.6. This also explains the 
absence of T2 in the 
29
Si NMR spectrum of CSH-Stoga. 
 
Figure V.6. Proposed structure for CSH-STOGA based on structural results (see text). 
 
c.4 Water dynamics in C-S-H, CSH-Nyasil and CSH-Stoga 
 
Now, we focus on the results of water dynamics confined in the microstructure 
of the three different samples (C-S-H, CSH-Nyasil and CSH-Stoga) at a water content 
of 21 wt%. It is known that some calcium silicates react with water to give place to a 
porous system that evolves during the setting process, from being  percolated macro-
porous to micro or nano-porous structure [10,31]. Water molecules are an essential part 
of this structure, being located in different environments (nano-, micro- and macro-
pores, chemically bond to cement particles or even free inside the capillary pores). In 
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general, water molecules in C-S-H gel can be categorized as hydration water and/or 
confined water.  
 
Figure V.7 shows the comparison of the dielectric response of the three samples 
at 170 K (panel A) and at 200 K (Panel B). For CSH-Nyasil, we found the same general 
characteristics as those of C-S-H, i.e., three dielectric processes associated to water 
confined in the structure. In contrast, CSH-Stoga has a somewhat different dielectric 
response. In this case, we found the same processes 1 to 3 in well correspondence with 
the processes visible in C-S-H and CSH-Nyasil. However, between processes 2 and 3 
we found an extra relaxation which is labeled as 2*. Thus, the dielectric response of 
CSH-Stoga shows four different relaxations in this temperature range. All the 
relaxations in Figure V.7 were fitted using the Cole-Cole functions (see chapter III) for 
each relaxation process. In both cases the result of the fitting is shown in solid lines.  
 
Figure V.7. Frequency-dependent losses of the complex dielectric permittivity, ε*(f), of the sample C-S-H, CSH-
Nyasil and CSH-Stoga. Panel [A] at 170 K and Panel [B] at 200K. The solid line through the data points is a least-
square fit to a superposition of the imaginary part of one or two  Cole–Cole functions respectively for (a) and (b). 
 
Figure V.8 shows the relaxation maps for the three samples. The time scale of 
the main relaxations 1, 2, and 2* exhibits Arrhenius-type temperature and Table V.2 
shows the activation energy of all processes. In contrast, process 3 shows a Vogel-
Fulcher-Tamman (VFT) temperature dependence indicating that the nature of both 
processes (2 and 3) is different. 
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Table V.2. Activation energy Ea and pre-exponential factor (log () corresponding to processes 1, 2 and 2* 
for data in Figure VI.1.9. 
 Process 1 Process 2 Process 2* 
Sample Log ((s)) Ea  (eV) Log ((s)) Ea  (eV) Log ((s)) Ea  (eV) 
C-S-H-22 -15.2 0.24 -15.4 0.41 - - 
CSH-Nyasil -14.7 0.24 -17.7 0.42 - - 





Figure V.8. Temperature dependence of the relaxation time τ (T) for the three samples analyzed at cw = 21 wt%. 
 
c.4.1 Interpretation of the different processes 
 




The relaxation time of process 1 follows an Arrhenius behavior in the entire 
temperature range for all the three samples analyzed. The relaxation time of this process 
does not change with the addition of nanoparticles although the intensity increases in 
the case of CSH-Nyasil and CSH-Stoga. On average, the activation energy has a value 
of (0.24 ± 0.20) eV for all the samples. At very low temperatures (130–150 K), it 
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appears as an excess wing, and therefore it cannot be resolved as a separate peak. In a 
previous work [32], we showed that the fast process 1 could be attributed to the non-
removable and dielectrically active hydroxyl groups on the surface of the C-S-H gel. 
This view was supported by the value of the activation energy (0.24 eV) which is close 
to the energy required to break a single hydrogen bond (0.22 eV) [33]. Besides, this 
structural interpretation is also consistent with the fact that the population of hanging 
hydroxyl groups increases when the Ca/Si is reduced [22,25], explaining why the 
intensity of the dielectric signal of CSH-Stoga and CSH-Nyasil is bigger than in C-S-H. 
In addition, it might be related to a relaxation process that is observed in other systems 
in which hydroxyl groups are present, such as hydrated clays [34] and hydrated ordinary 




Process 2 was attributed to the relaxation of water extremely confined in small 
pores (1 nm), adsorbed on the neighboring calcium silicate sheets. The activation 
energy is similar for all the three samples, indicating that the environment seen for the 
water molecules is similar in all the cases and similar to that founded in other aqueous 
systems at very low water content [36] and supporting that this type of water (observed 
in process 2) is chemically bound water. Nevertheless, in spite of the fact that all the 
samples has the same water content, the relaxation time for both CSH-Stoga and CSH-
Nyasil becomes faster compared with the water dynamic in C-S-H.  
 
It is well-known that the dynamical behavior of water undergoes variations 
depending on the type of porous systems where water is confined [35]. For instance, 
when the pore structure is highly disordered, with a broad pore size distribution and the 
pores are not completely filled, water-surface interactions are promoted. As a result, 
water dynamics become faster compared with that in a well-ordered porous system [35]. 
This is the case of water in C-S-H gel where the nano-porous organization is much 
distorted and the filling of these nano-pores could not be equally for all the cavities in 
the sample. Thus, the dynamics of water confined in these small pores is largely in 
influenced by both the solid–water interface and the distribution of water in this 
network.  
 
 - 101 - 
 
In both CSH-Stoga and CSH-Nyasil, the silicate chains are longer than in 
ordinary C-S-H and therefore at same water content, water molecules are more scattered 
in the interlayer space than in C-S-H as schematically show in Figure V.9 (a) and (b). 
For this reason water dynamics is faster in CSH-Stoga and CSH-Nyasil compared with 
ordinary C-S-H.  
 
In other words, as the silicate chains are longer and more actives sites for water 
interactions are available, surface-water interaction are more important than in C-S-H 
gel and this is compatible with the acceleration of the dynamics. Another implication of 
this result is that the nano-porous structure in CSH-Nyasil and CSH-Stoga seems to be 
bigger than in ordinary C-S-H gel.  
 
 
Figure V.9. Representation at nanoscale of molecular water positions. The blue lines represent the C-S-H chain, “x” 
are interlayer water and “o” are adsorbed water. (a) is shown a typical C-S-H gel structure. (b) shows a C-S-H gel 




Process 3 is significantly slower than process 2 and therefore it arises from a 
different population of water molecules. As we previously studied in ordinary C-S-H at 
different water contents [32,37], this process corresponds with water molecules located 
in the mesoporous structure of C-S-H gel. These water molecules are forming small 
clusters (i.e. water molecules connected by more than a single hydrogen bond) and they 
are involved in cooperative motions, as seen in the non-Arrhenius behavior of the 
temperature dependence of the relaxation times.  
 
The water dynamics reflected by process 3 becomes slower in CSH-Stoga and 
CSH-Nyasil compared with that in C-S-H (see Figure V.8). This behavior contrasts with 
that of process 2, where the dynamics become faster. This is not surprising as these two 
processes reflect the behavior of water molecules in different environments.  
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For CSH-Stoga and CSH-Nyasil it has been shown above that the silicate chains 
are longer than in CSH and therefore a densification of the structure is expected [38] 
which in turn retards the relaxation of water molecules in the interior of the pore 
structure. This suggests that the size of the gel pores is on average smaller in CSH-




Finally, we focus on process 2* which is only observed in CSH-Stoga. The main 
difference between C-S-H and CSH-Nyasil compared with CSH-Stoga is the presence 
of the aminopropyl chain in CSH-Stoga. Amines can form hydrogen bonds with each 
other as well as with water molecules. In addition, the C-S-H solution is alkaline (pH of 
the order of 11 or 12). At this high pH, it is reasonable to think that the amino group is 
in its uncharged state as NH2 as shown by XPS measurements.  We think that process 
2*, is related with the dynamics associated to the aminopropyl chain enhanced by water. 
The high activation energy of this process (0.74 eV) indicates that we are not sensing 
only clusters of water molecules (in such a case, it is expected activation energy of 
approximately of 0.5 eV [39]).  
 
To probe that, we also measured the dielectric response of the Stoga particles 
with 10 wt% of water. In this last case, we observe two dynamics: one associated with 
water molecules on the surface of the particles and a second one similar to that found in 
CSH-Stoga. Although we need more studies to probe this hypothesis, our results are 
compatible with the idea that the dynamics of process 2* could be associated with the 












In light of the experiments performed on C-S-H synthesized from C3S with and 
without the addition of different types of nanoparticles we can conclude that:  
 
1) The addition of nanoparticles during the synthesis of C-S-H gel increases the length 
of the silicate chains.  
2) In the case of the functionalized nanoparticles, the aminopropyl chain remains in the 
microstructure of C-S-H gel at the end of the silicate chain as seen by 
29
Si NMR and 
XPS measurements. 
3) Water dynamics, revealed by BDS, indicate that the microstructure of C-S-H gel 
changes appreciably with the addition of nanoparticles. These results suggest that in 
CSH-Stoga and CSH-Nyasil there are more water-surface interactions and smaller 
gel pores than in C-S-H.  
4) BDS can detect changes in water dynamics when structural changes are produced. 
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Chapter VI 
Natural and Synthetic Tobermorite  
 
Confined water in the slit mesopores of the mineral tobermorite provides an 
excellent model system to analyze the dynamical properties water confined in cement 
like materials. In this chapter, we use broadband dielectric spectroscopy (BDS) to 
analyze the water dynamic entrapped in this crystalline material. Structural 




Al NMR, X-ray diffraction and FTIR-ATR. 
Two samples, one natural and one synthetic, were analyzed (see chapter III) and, despite 
their similar structure, the motion of confined water in their zeolitic cavity displays 




Tobermorite has a double silicate chain between layers of Ca atoms with basal 
reflections between 9 Å and 14 Å (depending on the water content and Ca/Si ratio) [1]. 
In natural specimens and promoted by the geological environment, aluminium (Al
3+
) 
can substitute for silicon (Si
4+
) in the bridging or branching tetrahedral (Al-tobermorite, 
see Figure VI.1) which causes a charge imbalance which is neutralized by the 
incorporation of cations into interlayer sites [2,3].  
 
 
Figure VI.1. Schematic diagram of the Al-tobermorite structure. The Qn (mAl) sites are also indicated in the figure (n 
=0-4, m = 0-2, where Qn are connected via n bridging O atoms to mAl). 
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Calcium silicate hydrate (C-S-H gel) is the main constituent of cement-based 
materials, and essentially responsible for cement strength. C-S-H is a nearly amorphous 
material as seen by X-ray diffraction composed by disordered sheets of oxygen and 
calcium atoms and silicate chains separated by water [4,5] which locally resemble the 
structure of tobermorite. Therefore, although tobermorite crystal is an occasional 
mineral in the nature, it is very relevant for the cement industry and also often used as 
mineral analogue of the structural characteristics of C-S-H gel [1,6–8]. In fact, 
according to the colloidal model developed by Jennings [5], the microstructure of the 
cement paste is composed by a disk-like object (globule) having a layered internal 
structure similar to tobermorite and jennite.  
 
The microstructure of tobermorite and Al-tobermorite has been studied for a 
long time and by using different experimental techniques (mainly X-ray diffraction, 
infrared spectroscopy, nuclear magnetic resonance) [2,9–15]. However, the distribution 
and dynamics of water in this crystalline material has not been extensively investigated 
from an experimental point of view. Nevertheless, the increasing interest on 
understanding it is reflected in the recent studies using molecular simulation. For 
instance Churakov [16] analyzed the structural position of H2O molecules and hydrogen 
bonding in anomalous tobermorite (ab initio MD simulations), Hou and Li [17] studied 
the structural and dynamical properties of the water/ions at the tobermorite surface, and  




Natural (N) and synthetic (S) tobermorites were analyzed at different water 
contents.  The samples were dried in a vacuum oven at 300 °C for 24 hours, and the 
resulting water content is shown in Table V-1. With further drying, no more water could 
be extracted. In addition, both samples were hydrated for 2 days at 100% relative 
humidity. S-tobermorite reaches 11.4 wt%, but there is no water uptake in N-
tobermorite. Table VI.1 also shows the identification of the analyzed samples in this 
work with the Ca/Si ratio and water content after each thermal treatment.  
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Table VI.1. Identification of the samples. cw represents the water content in weight (with respect to the dry material), 
and Ca/Si is the Calcium/Silicon ratio. 
Sample Identification cw [wt %] Ca/Si 
Natural Tobermorite – as received N -10.6 wt% 10.60 0.89 
Natural Tobermorite – dried at 300 °C N -0.12 wt% 0.12 0.89 
Synthetic Tobermorite - hydrated S – 11.4 wt% 11.40 0.82 
Synthetic Tobermorite – as received S – 10.9 wt% 10.90 0.82 
Synthetic Tobermorite – dried at 300 °C S - 4.2 wt% 4.20 0.82 
C-S-H [19] CSH - 9.9 wt% 9.90 1.30 
 
c. Structural characterization of natural and synthetic 
tobermorite 
 
Figures VI.2.a) and b) shows the X-ray diffraction pattern of both natural (N) 
and synthetic (S) tobermorite as a function of the d-spacing (d = distance between 
consecutive CaO layers) at different water contents. At cw = 10 wt%, we found an 
intense reflection at 11.45 and 11.38 Å for N- and S-tobermorite, respectively. This 
value is the typical basal spacing (or interlayer distance) for tobermorite, which depends 
on the water content and Ca/Si ratio [1,20]. S-tobermorite has a broader peak than N-
tobermorite most likely because of the mixtures of hydrates with different interlayer 
spacing [20]. In addition, typical reflections of tobermorite at lower d-spacing (not 
shown) were found as discussed in other references [1,9]. When both samples were 
dried at 300 °C for 24 hours, the interlayer distance decreased to 9.32 and 10.20 Å for 
N- and S-tobermorite, respectively.  
 
Figure VI.2.c) shows the infrared spectrum (FTIR) of N- and S-tobermorite 
(10.6 wt% and 10.9 wt%, respectively). The FTIR spectroscopy provides additional 
information about the functional groups in the internal surface of the samples. The 
region of 1300-600 cm
-1
 has a complex group of bands that correspond to the vibrations 
of different Si-O bonds. From the FTIR experiments, it is difficult to distinguish 
different tobermorite types [21]. However, Vidmer et al [15] as simulated the infrared 
spectra of tobermorite from first principles to provide a detailed description of each 
vibrational mode. Table VI.2 shows the position of the peaks in both natural and 
synthetic tobermorite and the origin of each resonance as analyzed in that reference 
[15]. The OH stretching region of 3800-3000 cm
-1
 is shown in the inset of Figure 
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VI.2.c). We observe that the broadband in natural tobermorite is shifted to lower 
wavenumbers: the maximum shifts from 3500 cm-1 in the synthetic tobermorite to 
3360 cm-1 in the natural tobermorite. This shift can indicate that the natural sample has 
a more crystalline network than the synthetic one (as observed in the SEM images 
Figure III.11); therefore, the strength of the OH is reduced. In addition, because the 
water content is similar in both samples ( 10 wt%), we expect a similar intensity of the 
infrared signal in this region. However, the band that corresponds to the synthetic 
tobermorite is more intense that of the natural tobermorite. Note that the hydroxyls from 
both water molecules and Si-OH and Ca-OH contribute to this signal, which can be the 
origin of this difference. Finally, the presence of water molecules is also observed in the 
bending band at 1640 cm-1. In this case, both bands overlap notably well, which 
indicates that the differences in the band of 3800-3000 cm
-1
 originate from the different 
behavior of the hydroxyl groups of Si-OH and Ca-OH and not from water molecules.   
 
Table VI.2. Peaks position in the region of 1300-600 cm-1 for natural and synthetic tobermorite. The interpretation 
of each peak is also indicated and it was taken from reference [15] 
Natural Specimen Synthetic Specimen 






1164 1200 Si-O stretching (O-links between bridging tetrahedra) 
1024 1058 Si-O stretching (in SiO2) 
987 --- Not reported 
954 965 Si-O stretching (O-SiCa, O-Si2) 
878 900 Si-O stretching (OH-SiCa in bridging tetrahedra) 
715 725 H2O librations 
671 671 O-Si-O bending, H2O librations 
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Figure VI.2. (a and b) X-ray diffraction patterns of natural (a) and synthetic (b) tobermorite as a function of the 
crystallographic d-spacing. The scattering angle Q was converted to a crystallographic d-spacing. (c) ATR-FTIR 
spectra in the range of 1300-600 cm-1 of natural and synthetic tobermorite. Inset: the range of 3800-3000 cm-1 is also 
shown. 
 
Finally, we also analyzed the 
29
Si NMR of the “as received samples” to identify 
different connectivity degrees among the silicate tetrahedrals (Qn (mAl) sites, n =0-4, m 
= 0-2, where Qn are connected via n bridging O atoms to mAl; see Figure VI.1 for the 
identification of Qn). In addition, 
27
Al NMR was used to identify the Al coordination 
structures based on the chemical shifts.  




Figure VI.3. (a) Normalized 29Si NMR spectrum of natural and synthetic tobermorite, respectively. Q1 dimers or 
chain terminations, Q2 middle groups, and Q3 branching sites describe the connectivity of SiO2 tetrahedral. Figure 
VI.1 shows a schematic diagram of the types of Qn. (b) 
27Al NMR spectrum of natural and synthetic tobermorite. 
 
Figures VI.3.a) and b) show the 
29
Si NMR and 
27
Al NMR results. The obtained 
spectra are analogous to that found in previous studies, although the 
29
Si NMR 
resonances are shifted to slightly more negative values most likely because of the 
substitution of aluminum [2,13,22,23]. Both natural and synthetic tobermorite have 
notably similar spectra, and the analysis indicates the presence of four resonances, 
which are assigned to Q2(0Al), Q2(1Al), Q3(1Al) and Q3(0Al) (see Figure VI.3.a)). This 
result indicates that aluminum was replaced in the middle (Q2) and branching (Q3) sites, 
which is consistent with the Al content of 5 and 2 % for N- and S-tobermorite, 
respectively. The 
27
Al NMR results (Figure VI.3.b)) confirm the presence of two 
different aluminum environments at ~ 58 and ~64 ppm in the branching (Q3(1Al)) and 
bridging (Q2(1Al)) sites. Both samples also show the Q1 resonance at -82 ppm, which 
is associated to detectable final chains. Finally, we note that for the synthetic sample, 
we also found a resonance at 9 ppm in the 
27
Al NMR spectrum because of [6] Al 
(octahedral coordination) and the characteristic of Al coordination sites in amorphous 
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d. Dielectric response of natural and synthetic tobermorite 
 
The main objective is to investigate the dynamics of water confined in 
tobermorite and compare it with that observed in C-S-H gel, which was previously 
studied [19,25]. The water dynamics were measured at subzero temperatures (100-200 
K); therefore, we used differential scanning calorimetry (DSC) measurements to detect 
any feature in the thermal response of the samples at low temperatures. For all samples 
(synthetic or natural), there is no water crystallization at low temperatures in the 
calorimetric response. Therefore, we can assume that water remains amorphous (no ice 
formation occurs even for the fully hydrated natural tobermorite) at low temperatures 
for all water contents in this work. Another implication is that the water molecules are 
confined in the matrix of tobermorite because of the absence of crystallization. 
 
Figure VI.4 shows the imaginary part (ε´´) of the complex permittivity at T = 
110 K (a) and T = 135 K (b) of S-tobermorite at three different water contents. In Figure 
VI.4.a), we observe two processes: one at high frequencies (fast process) and one at low 
frequencies (slow process), which is centered in the frequency window of Figure 
VI.4.b). The amplitude of these two processes increases with the water content; 
therefore, both are attributed to water molecules that are confined or interact with the 
pore walls of tobermorite. Undoubtedly, we detect two different water dynamics, which 
can be attributed to two different populations of water in synthetic tobermorite.  
 
The dielectric response of natural tobermorite is shown in Figures VI.4.c) and d) 
for two water contents at T = 110 K (c) and T = 150 K (d). The dielectric response also 
shows two processes (fast and slow, respectively) for high water content, but the fast 
process almost vanishes at a notably low water content (cw = 0.12 wt%). Similar to the 
case of synthetic tobermorite, the amplitude of these two processes increases with the 
water content and is also attributed to the presence of water molecules. However, the 
relaxation strength (intensity) and broadness of both processes differ from that observed 
in S-tobermorite, which will be discussed in the next section.   
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The dielectric response of water in tobermorite can be described using standard 
fit functions as explained in Chapter III. We used the Cole–Cole function [26] to 
describe each relaxation process. 
 
 
Figure VI.4. Imaginary part (´´) of the dielectric spectra for water in synthetic tobermorite (a and b) at two 
temperatures (T = 110 K and T = 135K) and different water contents. (c and d) Imaginary part (´´) of the dielectric 
spectra for water in natural tobermorite at two temperatures ((a) T = 110 K (b) T = 150K) and different water 
contents. The solid lines through the data points represent the fits to the experimental data. 
 
Figures VI.5.a) and b) shows the temperature dependence of the relaxation times (τ = 
1/(2π f), where f is the frequency of the corresponding ε′′ maximum that was obtained 
from the fitting) for all water concentrations. The time scale of the main relaxation 
exhibits Arrhenius-type temperature dependence in the entire temperature range with a 
small deviation from this behavior at temperatures above 190 K. This crossover in the 
temperature dependence of the relaxation time was previously analyzed in several 
works [27] and will not be discussed in this chapter.  
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Figure VI.5. a) and b) Temperature dependence of the relaxation times () for water confined in synthetic (a) and 
natural (b) tobermorite at different water contents.  (c and d). Relaxation strength () for slow and fast processes in 
(c) synthetic and (d) natural tobermorite. 
 
The relaxation time of both processes is basically independent of the hydration 
level (see Figures VI.5.a) and c)) as normally observed in other hard confinements [27–
29], and only their relative strengths are affected. Therefore, both processes exhibit the 
typical behavior of a local relaxation. The relaxation times were fitted to the Arrhenius 
equation 
 
τ = τ0 exp (Ea / kT)                                          (VI.1) 
 
where Ea represents a mean activation energy, k is the Boltzmann’s constant, and τo is 
related to a molecular vibration time. The Ea and log(τo) values are shown in Table VI.3, 
and these values will be discussed in the next section.  
 
Figure VI.5.c) shows the relaxation strength () that corresponds to both 
processes. In both cases, the intensity decreases with temperature as typically for local 
process [30]. Additionally, the -values in the CC equation depend on temperature, and 
it varies approximately from 0.30 at 110 K to 0.60 at 200 K for S-tobermorite and from 
0.16 at 110 K to 0.40 at 200 K for N-tobermorite.  
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Table VI.3. Activation Energy (Ea) and Pre-Exponential Factor (log (τo)), which were obtained from the Arrhenius 
equation that was applied to the data in Figure VI.5. 
Sample 
Slow Process Fast process 
log (0) Ea [eV] log (0) Ea [eV] 
S– 11.4 wt% -18.10 0.39 -13.44 0.16 
S– 10.9 wt% -18.20 0.40 -11.70 0.12 
S– 4.2 wt% -17.70 0.40 -14.21 0.18 
N– 10.6 wt% -15.70 0.38 -12.40 0.11 




e.1 Structural characteristics 
 
As shown in Figure VI.2.a), the intercalation of water in natural tobermorite is 
evident since the interlaying spacing grows from 9.3 Å (cw = 0.12 wt%) up to 11.45 Å 
(cw = 10.60 wt%). This result is consistent with the behavior of normal tobermorite (the 
interlayer distance changes to 9 Å upon heating at 300 oC) and consequently N-
tobermorite can be classified as a normal type. On the other hand, S-tobermorite reaches 
10.3 Å after subjected to the same heat treatment and therefore, it is classified as a 
mixture of normal and anomalous type.  
 
The above results found further confirmation when compared the ATR-FTIR 
measurements in Figure VI.2.c). Based on the work of Vidmer et al [15], the main 
difference between normal and anomalous tobermorite takes place in the Si-O stretching 
region. In particular, the band at 1200 cm
-1
 is much extended in normal (i.e. the peak 
tends to disappear) than in anomalous tobermorite, where a clear peak is observed. This 
is what we observed in Figure VI.2.c) where for S-tobermorite we can distinguish a 
peak at 1200 cm
-1
, almost absent in N-tobermorite. This also indicates that S-
tobermorite is of anomalous type. In addition, in the region from 1300-600 cm
-1
, natural 
tobermorite is shifted towards lower wavenumbers compared with that of synthetic 
tobermorite and therefore, our results indicate [31] some degree of depolymerization of 
the silicate chains in natural tobermorite (i.e. the silicate chains are longer in the 
synthetic sample).  
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Al NMR in Figure VI.3. Both tobermorite samples have similar 
characteristics as seen from NMR.  
 
As above mentioned Al can replace Si in both middle and branching sites of 
tobermorite structures [32]. The higher intensity of the peak at Q3(1Al) relative to 
Q3(0Al) indicates there is more Al in the bridging sites than in the branching sites for N-
tobermorite whereas the opposite behavior is observed for the synthetic sample.  
 
The presence of Q1 resonance at about -82 ppm suggests that both samples have 
detectable final chains possibly because the material presents structural disorder. 
However, the higher intense of the Q2(0Al) and Q2(1Al) resonances relative to Q1 
intensity indicates that both samples contains  long silicate chains as it corresponds to 
the crystal.  
 
As a conclusion, we find structural similarities between the two studied samples. 
Both samples have defects in the tetrahedral chain (substitution of aluminum in the 
chain middle groups as well as branching sites) and whereas N-tobermorite is of normal 
type, S-tobermorite is a mixture between normal and anomalous type.  
 
e.2 Dielectric behavior of water in N- and S-tobermorite  
 
Water molecules in Al-tobermorite are situated in the interlaminar pore space 
interacting with hydroxyls groups or oxygen atoms from the (alumino) silicate chains, 
with interlaminar cations, or with other water molecules. From the dielectric results, it is 
evident the presence of two water dynamics in both N- and S-tobermorite with different 
characteristics. Since dielectric spectroscopy senses the reorientation of permanent 
dipoles in a given environment by changing the dipole value due to interactions with the 
host material or even with other dipoles, we expected changes in the dielectric 
spectrum.  
 




 in the silicate 
chain (see Figure VI.1), yet the quantity of aluminum is considerably higher  in N-
tobermorite (2.70% wt) than in S-tobermorite (1.05% wt). The charge excess induced 













cations in the interlayer [33]. Apart from Calcium, our N-tobermorite contains 0.17% 
(wt) of potassium and 0.16% of magnesium whereas S-tobermorite has 0.13% of 
magnesium. These cations are present in the cavities where Al is present to compensate 
the charge imbalance. From analogy with other mesoporous aluminosilicates, as zeolites 
[34], we hypothesize that water dynamic change when water is located in Al-rich 
cavities compared to water located in cavities only built by SiO4.  
 
To test our assumption about the nature of each process (fast and slow) we first 
compare the relaxation times of water () confined in tobermorite with that observed in 
the most regular hard confinement systems such as MCM-41 [35] in Figure VI.6. Focus 
on the behavior of  at low temperatures (below 200 K), both the activation energy and 
the relaxation time are almost independent of the system [27] and hence, this low-
temperature process can be regarded as a universal water relaxation (see colored region 
in Figure VI.6). The typical activation energy of the universal β-relaxation of confined 
water is around 0.50 eV [36]. The relaxation times of water confined in tobermorite are 
faster than the universal one (Figure VI.6) and the activation energy decreases to  0.40 
eV. This is typical for the dynamic of water molecules with a strong dependence on the 
host material, and/or for water confined in a highly disordered porous system [27,29]. In 
tobermorite, the zeolitic cavities have an approximated diameter of half a nanometer, 
where about 5 water molecules must pack. Hence, the water-solid interaction must be 
considerably more important than the water-water interaction. Therefore, we can 
conclude that water molecules in N- and S-tobermorite are more strongly affected by 
“surface” interactions than in MCM-41. In addition, and despite tobermorite is a 
crystalline material, the such a strong confinement implies that the hydrogen bond 
network of water in tobermorite is not fully developed, similarly to what one could 
expect from a disorder porous system. This two facts together, namely the strong 
interaction between the water molecules and the substrate and the scarce hydrogen bond 
network, are the main reasons to obtain lower activation energy (0.40 eV) compared 
with that obtained for water in other well-defined and homogeneous confinement 
systems (0.5 eV) where relevant water-water interactions takes place. For instance, a 
low value of Ea is typical of water solutions at low water content where interactions 
between the water molecules and the solute are expected [37]. 




Figure VI.6. Temperature dependence of the universal -relaxation times of water in different hard confinement 
systems: vermiculite clay [38], molecular sieves [39], MCM-41 (21 Å) [35] and Poly(vinyl pyrrolidone, PVP) at high 
water content [37] (see shadow area). In addition, the relaxation times of the slow and fast processes in Al-
tobermorite and that in C-S-H-gel [19] are displayed. 
 
In addition to insight gained from the relaxation times, we can extract important 
information from the dielectric strength (the intensity of the process) which measures 
the number of dipoles relaxing in the dielectric process [40]. Figure VI.7 shows the 
comparison between the permittivity of N- and S-tobermorite at 110 K. Clearly, for the 
fast process the intensity of N-tobermorite is bigger than that in S-tobermorite, 
indicating that more water dipoles are involved in the fast process of N-tobermorite. The 
Al content in N-tobermorite is almost triple than in S-tobermorite and therefore we can 
assume that the slow process is due to water confined in the zeolitic cavities rich in Al. 
In addition, the “slow process” is closer to the universal relaxation of confined water 
than the “fast process” (see Figure VI.6) and also similar to water around silica particles 
[28] where the interaction between the host and water is produced through silanol 
groups. Therefore, it is expected that the “slow process” arises from the motion of water 
molecules confined in silicon rich cavities. The relaxation strength (Figure VI.7) also 
indicates that there are more dipoles associated to this relaxation in S-tobermorite than 
in N-tobermorite and this fact agrees with a major number of cavities constructed by 
SiO4 in S-tobermorite. 
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Figure VI.7. Comparison of ´´ for water confined in N- and S-tobermorite and C-S-H gel [19] at cw  10 wt% and at 
two temperatures (a) T = 110 K and (b) T = 150 K. Two processes are observed in all the samples. In the case of C-S-
H gel these processes were labeled [19] as “1 and 2”.  
 
Finally, we wonder why the relaxation times are so different (5 orders of 
magnitude in Figure VI.6) in these two distinct cavities. According to the wait-and-
switch model [41], the relaxation time is controlled by the time for which a water 
molecule has to wait until a new partner is available to establish a strong interaction by 
a rotational movement. The presence of Al and the associated counterion provide those 
suitable sites; in addition, anions and cations become surrounded by clusters of water 
molecules and hydrogen-bonds are formed between them. As a result, the relaxation 
time is faster compared with a breaking of a hydrogen bond between two water 
molecules in silanol rich-cavities. In agreement with this view, the potential barrier for 
reorientational motions (Ea value, table VI.3), is lower for the fast process (0.15 eV) 
compared with that of the slow process (0.40 eV) which is consistent with the above 
view. 
 
As a conclusion, Al-substituted tobermorite has two different types of water 
populations, according to their relaxation times. The SLOW dielectric processes 
observed for water in tobermorite represents the dynamics of water molecules in 
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siliceous zeolitic cavities (built solely by SiO4 tetrehedra) and the FAST dynamics of 
water molecules in aluminum rich zeolitic cavities (built of both SiO4 and AlO4 
tetrahedra).  
 
e.3 Comparison of water dynamics in C-S-H gel 
 
In the chapter IV, we investigated the rotational properties of water molecules 
confined in C-S-H gel of different water contents (from 6 to 15 wt%) by BDS. The 
studied C-S-H gel had a Ca/Si ratio of 0.89, which is slightly higher of 0.82 in 
tobermorite samples, and a greater structural disorder as the X-ray diffraction reflected. 
For C-S-H gel in the temperature region of 100 – 200 K, we found two relaxation 
processes (labeled 1 and 2, see Figure VI.6) each one related with different 
environments for the water molecule confined in this material. Process 2 observed in C-
S-H gel was associated [19] with the relaxation of water molecules located in gel pores, 
whereas process 1 was related [25] with the rotation of some intrinsic hydrated dipolar 
group (hydroxyl groups) in the internal surface of C-S-H gel. This view was supported 
by the value of the activation energy (0.24 eV), which is very close to the energy 
required to break a single hydrogen bond (0.22 eV) [41]. We wonder whether these two 
processes (1 and 2) are related with the fast and slow processes observed in tobermorite. 
 
Figure VI.6 shows the relaxation time of C-S-H gel at cw = 9.9 wt%, an amount 
of water similar to that analyzed for tobermorite in this work. It is obvious in Figure 
VI.6 that the relaxation time of process 2 (water in gel pores) is similar to that of the 
“slow process” in tobermorite. Even more, the activation energy is the same in both 
samples (0.40 eV) which implies that both processes arise from the same relaxation 
mechanism. This strongly suggests that water molecules in C-S-H gel relax in small 
cavities similar to that in tobermorite. By contrast, process 1 in C-S-H gel is somehow 
different of the “fast process” in tobermorite (figure VI.6). We attribute the fast process 
in tobermorite to the relaxation of water molecules in Al rich cavities, but the C-S-H 
analyzed had only 0.13 % of Al2O3 as observed in the fluorescence experiment. One 
option is that also in C-S-H we are sensing the relaxation of water molecules in the 
solvation shell of Al cations. The low intensity of the process 1 observed in C-S-H gel is 
in agreement with this interpretation [25] although the relaxation time is 2 decades 
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slower in C-S-H gel. To determine the origin of this process, C-S-H with different Al 
content should be analyzed. 
 
Finally, Figure VI.7 compares the permittivity measured for C-S-H gel, S-
tobermorite, and N-tobermorite at two temperatures. The similarities between the slow 
process in S-tobermorite and process 2 in C-S-H are noticeable in the high frequency 
side indicating that faster water dipoles relax in a similar way in both samples. 
However, the dielectric response of water in C-S-H is broader (-parameter in eq. 
VI.1)) than that observed in S-tobermorite. This is because the water molecules in C-S-
H gel are confined in a highly heterogeneous environment [42] compared with that in 




In this chapter the properties of confined water in the zeolitic cavity of 
tobermorite were analyzed by broadband dielectric spectroscopy. Despite tobermorite 
minerals are rare in nature; they are excellent models to study the more complex C-S-H 
gel, the main component of cement and responsible of its excellent mechanical 
performance. 
 
Two tobermorite samples were investigated, a natural one and a synthetic one. 
The structure of these minerals was characterized using X-ray, ATR-FTIR and NMR 
spectroscopies determining that both belong to the 11Å variety. The BDS results reveal 
two different water relaxation dynamics, with a considerable different relative weight in 
the natural and synthetic minerals, despite their matching structures. We attribute the 
difference to the higher Al content in the natural specimen, which strongly affects water 
dynamics. Such a deep impact of aluminum impurities on the water dynamics could be 
of vital importance to understand ion migration and chemical degradation of fly-ash and 
slag Al-rich cements.  
 
In addition, we have compared the dielectric response of water in tobermorite 
and in the C-S-H gel. The porous structure in the C-S-H is more heterogeneous than that 
in tobermorite and therefore the dielectric signal is different (Figure VI.7). This is 
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particular marked on the low frequency side (the slower dipolar reorientation). 
Conversely, the faster water molecules, relax in a similar way for C-S-H and 
tobermorite.  
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Chapter VII 
Water dynamics confined in Ordinary Portland 
cement of different water-to-cement ratio 
 
 
As mentioned in the Chapter I, Portland cement (OPC) is the most common type 
of cements because more than 1 m
3
 is produced per person worldwide [1]. Portland 
cement consists of at least two-thirds by mass of calcium silicates (3 CaO·SiO2 and 
2 CaO·SiO2) and the rest consists of aluminum- and iron-containing phases and other 
crystalline compounds. During hydration several chemical and physical reactions take 
place to obtain a product with an immense complexity formed by different crystalline 
phases and other hydration products [2]. All these crystalline products are glued by a 
semi-crystalline material called C-S-H gel also produced during the hydration. The 
structure of the products formed during hydration contains several pores of different 
shapes and sizes. These pores also evolve from a macro-porous structure to a nano-
porous structure. The water molecules remain in the final product as a structural part of 
all these components. Moreover, some properties of cements such as shrinkage, creep, 
or durability [3] were attributed to the water confined on the structure of cement 
materials. Consequently, water is a vital component of the cement structure [2,4].   
 
In this chapter we analyze the dielectric response of Portland cement at different 
water-to-cement ratio. From our results it is evident that the dielectric response is 
complex with several relaxations. Although the complete picture is still not fully 




 In the previous chapters, we have studied the dynamics of water confined in C-
S-H In these previous studies [5,6], we observed 3 different water relaxation related to: 
1) water molecules located in pore structure of C-S-H gel (processes 2 and 3) and 2) the 
rotation of hydroxyl groups on the internal surfaces of C-S-H (process 1) (see Figure 
IV.2).  Now we focus on the water dynamics in hydrated cement at different w/c ratio. 
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In addition to gel pores in C-S-H gel, cements also have capillary pores (also called 
macropores or mesopores) which are due to empty spaces after the hydration reaction 
takes place. Regardless of the model considered, the structure of both C-S-H gel and 
cements is highly complex and comprises pores of different sizes in which water 
molecules can be located.  
 
The w/c ratio not only affects at the water dynamics related with the water. It  
can also modify strongly the percentage of capillary pores in the cement samples [7]. 
Thus, we prepared samples with different w/c ratio to study its influence in the different 
processes obtained from the cement. In addition, increasing the w/c ratio increases the 
total porosity of cement samples and also the hydration degree [8]. As a consequence, 
w/c ratio controls final strength and the durability as well as workability of cements.  
 
b. Samples  
 
Samples were prepared as explained in Chapter III. Figure VII.1 shows the 
calorimetric response of Portland cement at different w/c. During the cooling, two 
different thermal features, at  239 K, and  225 K are shown for the water confined in 
cements at different w/c ratio. These values are close to the values reported by Snyder 
and Bentz [9] for Portland cement at different w/c ratio and also for Ridi et al for white 
cement [10] after 28 days of hydration. Since a depression of the freezing point of water 
is known to occur for water in confining geometries, these temperatures can be 
considered to reflect the sizes of pores in the materials. The lowest crystallization 
temperature ( 225 K) can be associated with crystallization of water in pores of few 
nanometers wide whereas the highest crystallization temperature should be associated to 
freezing of water in larger pores. 
 
The intensity of the peaks is highly dependent on the w/c ratio; the lower the w/c 
ratio is (i.e. lower water content), the lower is the intensity of the peaks. In general, it is 
expected that a higher w/c ratio results in a smaller fraction of smaller pores (gel pores, 
1-10 nm) and larger fraction of capillary pores, which is the reason for a lower strength 
and a higher permeability [2] compared to materials with lower water content. Thus in 
case of the sample w/c = 0.4 the porosity should be higher than in the sample of w/c = 
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0.3, which is also in agreement with the increase in intensity of the peaks in the 
calorimetric response.  
 
 
Figure VII.1. Heat flow measured by DSC during cooling at a rate of 10 K/min for different w/c ratio, as indicated 
in the figure. Crystallization is observed at different temperatures according to the size of the cavity. 
 
c. Dielectric response of Portland cement 
 
The dielectric experiments were performed from the lowest (110 K) to the 
highest (250 K) temperature. Therefore in our samples, amorphous and crystalline water 
coexists as previously explained. Figure VII.2 (a and b) shows the imaginary part (ε´´) 
of the complex permittivity at different temperatures for w/c = 0.4 (samples at a 
different w/c ratio show a similar dielectric response). We observe the presence of 
different dielectric processes whose maximum shifts to higher frequency with 
increasing temperature. In addition, Figure VII.2 (c and d) shows the comparison 
between the dielectric losses (´´) of OPC at different w/c ratios at two different 
temperatures (T = 120 K (a) and T = 155 K (b)), where the similarities of the response 
for different w/c ratio are evident.   
The dielectric response in Figure VII.2 can be described by using standard fit 
functions. We used the symmetric Cole–Cole function to describe each relaxation 
process (see chapter III). Over the temperature range of 100 to 150 K we found two 
dielectric processes (1 and 2) whereas over the temperature range of 150 to 250 K three 
relaxations (3, 4 and 5) were found. In addition, at low frequencies conductivity effects 
dominate, and to account for that a power law term was added (last term in eq. VII.1), 
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where 0 denotes the vacuum permittivity and σ is the static ionic conductivity. The total 
fit function was given by: 
 










j=1     (VII.1) 
 
In figure VII.2.d  is observed that the intensity of processes 1 to 3 increases with 
water content and the maximum of the curves remain almost at the same frequency 
following the typical behavior observed in other confinement systems [11,12] where no 
crystallization of water was observed. Therefore, these dielectric processes are related 
with the dynamic of amorphous water (i.e. no crystalline). Two other slower processes 
(4 and 5) are also visible in the dielectric spectra, but here we will focus on the low 
temperature relaxation (processes 1 to 3).  
 
c.1 Temperature dependence of the relaxation times and shape factors 
 
Figure VII.3 (a) shows the temperature dependence of the relaxation times for 
different w/c ratio. Whereas processes 1 and 2 displays Arrhenius-type temperature 
dependence, process 3 exhibits a crossover from different Arrhenius-type temperature 
dependence below and above   165 K. Table VII.1 shows the values of Ea and log (τ0) 
for processes 1 to 3.  
 
The relaxation times of processes 1 to 3 are basically independent of the water 
content, as normally observed for water molecules in hard confinement systems [11], 
although the intensity of these processes are affected by the water content. Thus, these 
processes exhibit the typical behavior of water molecules relaxing in a hard confinement 
environment [11,12].  
 
The temperature dependence of the relaxation strength () for different w/c 
ratios are shown in Figure VII.3 (b, c and d). The intensity of all the processes remains 
almost constant with temperature as typically for a local process. 3 depends on w/c 
ratio (and therefore on water content) whereas for processes 2 and 3 a weak dependence 
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on w/c ratio is observed. In the following we discuss the origin of each relaxation 
process and the relationship with water confined in C-S-H gel.  
 
Table VII.2. Activation Energy (Ea) and Pre-Exponential Factor (log (τo)) obtained from the data in Figure VII.3. 
Sample w/c cw  
[wt%] 
Process 1 Process 2 Process 3 
(Below 155 K) 
log (0) Ea [eV] log (0) Ea [eV] log (0) Ea [eV] 
Cem-0.40 0.40 24.50 -14.05 0.21 -13.95 0.26 -13.50 0.40 
Cem-0.35 0.35 22.10 -12.80 0.18 -13.80 0.26 -13.70 0.40 




FigureVII.2. (a and b) Imaginary part (´´) of the dielectric spectra of Portland cement with w/c = 0.4 at different 
temperatures (see plot). The solid lines through the data points represent the fits to the experimental data. (c and b) 
Imaginary part (´´) of the dielectric spectra of Portland cement at different w/c ratio at T= 120 K (c)) and T = 155 K 
(d)). The solid lines through the data points represent the fits to the experimental data. In addition, all the processes 
 
 
c.2 Interpretation of the dielectric processes  
 
Water molecules in OPC are principally situated in the inter-laminar pore space 
between the calcium silicate layers. In addition Ca
2+
 cations, which balance the negative 
charge of the main alumino-silicate layer [13], are also located in the inter-laminar pore 
space. Water molecules can interact with these cations and with the hydroxyl groups in 
the surface of silicate chains. Regardless of the model considered, the structure of 
cements comprises pores of different sizes in which water molecules can be also 
located. With regards to the topology of the pore network and, compared with other 
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silica-based confinement systems such as MCM-41, SBA-15, or molecular sieves 
[14,15], cement materials are much more complex systems. In hydrated cements, there 
are different multiple crystalline hydrates (for instance portlandite or ettringite) 
immersed in C-S-H gel matrix, which in addition has also a complex pore distribution 
[16]. Whereas MCM-41 has a cylindrical shaped pore pierced by large holes which do 
not greatly perturb the wall structure, the shapes and the topology of the pore network in 
Portland cements are much disordered [17]. As water molecules are an integral part of 
this pore network, it is not surprising to obtain a rich and complex dielectric spectrum 
corresponding with the dynamics of water molecules.  
 
for sample w/c = 0.3 are shown in both Figures. 
 
Figure VII.3. (a) Temperature dependence of relaxation times of water confined in cements with different w/c ratio.  
(b-d) Temperature dependence of relaxation strength () of Processes 1 to 3 and for different w/c ratio. 
 
As above mentioned processes 1 to 3, reflects the dynamics of amorphous water 
in the pore network of cements. The activation energy of processes 1 and 2 are 0.20 and 
0.26 eV respectively of all w/c ratios. These values are lower than the activation energy 
of the more collective behavior of confined water (0.5 eV) [18] and therefore in our 
case, a weak hydrogen bond network could be formed. In other words, these two 
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dielectric processes have origin in water molecules without interactions with so many 
other water molecules. By contrast, process 3 (below 165 K) has higher activation 
energy (0.40 eV) and even higher at T > 150 K (0.70 eV). These values are compatible 
with a more extended hydrogen bond network of water molecules [11, 18].  
 
Due to the low activation energy of processes 1 and 2, they could correspond 
with the relaxation of water in ice which is also present in samples. To rule out this 
possibility, we dried the sample w/c = 0.4 at 80 
o
C during 90 min (see Figure VII.4). 
After this drying, most of the water molecules can be evaporated and we do not expect 
crystallization (as confirmed by calorimetric measurements). In this dried sample, we 
still can observe both processes 1 and 2. Both intensities are smaller than that of undried 
sample (because the lower water content) and the relaxation times are similar to the 
original sample. Thus, we can rule out that the origin of these processes is the ice 
contained in the samples and in addition, we confirmed that the relaxation of water 
molecules is the origin of these processes. 
 
 
Figure VII.4. Imaginary permittivity signal of the Cem-0.4 before and after the drying process. 
 
The temperature dependence of the relaxation time of processes 1 to 3 (see 
Figure VII.3) does not vary with w/c ratio. As mentioned above, this is a typical 
behavior of the relaxation time of water under hard confinement systems where the 
shape of the pore is well-defined [11]. This behavior contrasts with water confined in 
isolated C-S-H gel, where significant variations of the relaxation time with water 
content were observed [6]. This indicates that the “isolated C-S-H gel” and the “C-S-H 
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grown within cements” have not the same structural characteristics. We have to notice 
that the pore network of the previously studied C-S-H gel [5,6], can more easily grow in 
an “empty” environment compared with the developing of C-S-H gel within cements, 
where several hydration products coexist. Thus, in the case of “isolated C-S-H gel” we 
assume a more disordered and inter-connected network with further variation of size 
and shape of the pores. By contrast in Portland cement, after 3 weeks of hydration, we 
expect a denser morphology of C-S-H gel than in isolated C-S-H gel. This could be the 
reason for which the shape of the pores seems to be more defined in the case of C-S-H 
within cements. 
 
Following the above result, process 3 reflects the dielectric response of water in 
C-S-H gel but in a more compact network and with pore size and topology better 
defined than in isolated C-S-H gel. In agreement with this result, Figure VII.5 shows the 
comparison of the relaxation times of process 3 with water confined in molecular sieves 
[19]. The relaxation times are very similar in both systems. Molecular sieves are 
crystalline metal alumino-silicates having a three dimensional interconnecting network 
of silica and alumina tetrahedral similar to that found in cements. Therefore, it is not 
surprising to obtain a similar response. However, for the relaxation times of water 
confined in molecular sieves represented in Figure VII.5, it is known that the average 
pore size is 1 nm [19]. We can therefore assume that process 3 is related with water in 
pores about of 1 nm. In agreement with this, process 3 exhibits a crossover from an 
Arrhenius to other Arrhenius dependence as the temperature decreases (see Figure 4a) at 
165 K. This feature has been observed for water confined in C-S-H gel [5,6] as well as 
in several confinement systems  [11,12,19,20]. We have associated this crossover with 
confinement effects which are produced by the matrix where water is situated [18]. This 
confinement effect is usually observed for water in small cavities in agreement with the 
comparison with molecular sieves of 1 nm.  
 
Focusing on process 1, Figure VII.5 shows the comparison of the temperature 
dependence of the relaxation times this process observed in isolated C-S-H gel and in 
Portland cement. The relaxation times of process 1 in both systems are very similar 
suggesting the same origin in both cases. Process 1 in C-S-H gel was associated with 
the rotation of hydrated dipolar group (hydroxyl groups) in its internal surface [5] and 
we expect the same origin for water confined in Portland cement. In contrast to process 
 - 137 - 
 
3, where a different dynamical behavior was observed between isolated- and in-cement 
CSH, in this case we do not expect such changes. This is due to the different origin of 
both processes. Process 1 is originated in the reorientation of hydroxyl groups on the 
internal surfaces and this should be independent of the topology of the pore network.  
Thus, it is not surprising obtain a similar result in this case. 
 
Now we discuss the origin of process 2. As 2 is significantly different of 1 and 
3, a different water population should be the origin of this process. We therefore 
consider different environments for water molecules in Portland cement. The first 
possibility is that water molecules located are in cavity of a different size of 1nm (origin 
of process 3). In fact, Jennings´s model assumed two different sizes for the gel pores (1 
nm and 3-10 nm) [16] and we also observe two water dynamics in the case of isolated 
CSH gel. However, the dynamics of water in bigger pores than 1 nm is expected to be 
slower than that observed for 1 nm pores. This is not our case, because process 2 is 
significantly faster than process 3. In addition, it has been proposed the existence of two 
types of morphologies of CSH gel in cements (the so called “early” and “late”, “outer” 
and “inner” products or “low-density” and “high-density” CSH gel). As these two types 
of gels are produced by the presence of the other components in cements, these two 
varieties are not developed in the isolated CSH gel and therefore, this process 2 was not 
previous observed. However, the relaxation time of process 2 is much faster than that 
observed in several confinement systems of different sizes [11]. Therefore, we discard 
that this process corresponds with the relaxation of water molecules in a cavity of a 
given size or even in another variety of CSH gel.  
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Figure VII.5. Temperature dependence of the relaxation time (T) obtained from the cement samples with different 
w/c ratio for the processes 1, 2 and 3. 
 
Given the fact than process 2 has a low activation energy (0.26 ev), it is much 
faster than water located in holes of different sizes and it the typical crossover usually 
observed in pores is not observed, we guess that these water molecules are located in the 
a more local environment than water in a pore. One possibility to consider is the 
hydration water around Ca
2+
 cations which are a significant ingredient in Portland 
cements. Water around Ca
2+
 cations arrange in a hexagonal ring and water molecules 
can relax in this environment. However, we cannot make in this case an assignment for 





Summarizing, at supercooled temperatures we find three different populations of 
water each of them related with water molecules in different environments: hydration 
water close to hydroxyl groups (process 1), water in 3D pores of 1 nm (process 3) and 
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Along this thesis, we have performed a detailed studied of the dynamics of water 
in different hard confinements systems with variable nano-porosity. The selected 
nanostructures were porous silicate based materials. These kind of porous materials 
have important applications in the fields of energy, adsorption, catalysis and geological 
science. In addition, the study of these systems has consequences on the basic problems 
related to the dynamics of confined water at supercooled temperatures. In particular, we 
focused on nanostructures related with cementitious materials.    
First, we have explored the dynamics of water in C-S-H gel. C-S-H gel is a 
disordered nanostructured material and responsible for most of the engineering 
properties of cement paste. This study has allowed us to better understand the way in 
which water is distributed along the pore network of C-S-H gel.  The water content has 
a large influence on the dynamics. The results showed three dynamics associated with 
water molecules located in pores of different sizes and with non-removable and 
dielectrically active hydroxyl groups on the surface of the C-S-H gel. As in several 
confinement systems at high hydration level, a crossover associated to confinement 
effects was observed for the dynamics in small gel pores. The present dielectric study 
shows no sign of the fragile-to-strong transition as previously has been indicated by 
QENS for a similar system. Instead, the apparent crossover in the temperature 
dependence was shown to be due to that the analysis is performed in a very limited 
frequency interval, which, in turn, masks the merging between the main water 
relaxation and a faster relaxation process (Chapter IV).  
Other of the systems we have studied was C-S-H gel synthesized with nano-
particles (Chapter V). We have analyzed the changes produced in the structure of C-S-H 
because of the presence of nanoparticles by means of NMR and FTIR spectroscopy. In 
this case, the silicate chains are longer than in C-S-H without the addition of 
nanoparticles. In this context, dynamic of water also has changed.  The dynamics of 
water in small pores becomes faster when water is confined in this different matrix with 
longer silicate chains.  
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In Chapter VI we have studied aluminum substituted tobermorite. Tobermorite 
has a defined crystalline structure, similar to the C-S-H gel, but with even longer silicate 
chains. We have distinguished two different water dynamics due to different 
environments where water is located. Water in aluminum rich cavities is faster than 
water in siliceous rich cavities. The impact of aluminum impurities on the water 
dynamics could be of importance to understand ion migration and chemical degradation 
of fly-ash and slag Al-rich cements.  
In Chapter VII, we have studied the dynamics of water in Portland cement. 
Portland cement has a very broad distribution of pores (sizes and topology) and 
therefore the results are more complex. Although the complete picture is still not fully 
understood, we have some promising results for futures works. We have observed that 
one of the fastest processes (process 3) has the same universal dynamics founded in 
other confinement systems. In particular water in molecular sieves has the same water 
dynamics at low temperature.  
Finally, here we compare the relaxation time of the main water process founded 
in all the systems analyzed: C-S-H, C-S-H with nanoparticles and tobermorite. We can 
observe that the relaxation time becomes faster when the silicate chain becomes longer: 
increasing the silicate chain, water is more interfacial. However, for Portland cement the 
response is two decades slower. This should be related with the different environment 
of C-S-H gel when immersed in the cement network and therefore a different dynamic 
is observed. This result could be of some importance for modeling the structure of C-S-
H as well as for molecular dynamic simulations of water in these types of materials. 
 




 - 143 - 
 
List of Publications 
 
This thesis has contributed to the following publications: 
 
1. Cause of the fragile-to-strong transition observed in water confined in C-S-H 
gel.  
Manuel Monasterio, Helen Jansson, Juan J. Gaitero, Jorge Dolado, Silvina 
Cerveny.  
J. Chem. Phys. 2013, 139 (16), 164714. 
 
2. Effect of addition of silica- and amine functionalized silica-nanoparticles on 
the microstructure of C-S-H gel. 
Manuel Monasterio, Juan José Gaitero, Edurne Erkizia, Ana M. Guerrero 
Bustos, Luis A. Miccio, Jorge S. Dolado, Silvina Cerveny.  
Accepted in Journal of Colloid And Interface Science (2015) 
 
3. Effect of chemical environment on the dynamics of water confined in calcium 
silicate minerals - natural and synthetic tobermorite. 
Manuel Monasterio, Juan José Gaitero, Hegoi Manzano, Jorge S. Dolado, 
Silvina Cerveny. 
Langmuir (2015) (under Review) 
  
4. Dynamics of nano-confined water dynamics in Portland cement of different 
water-to-cement ratio. 
Manuel Monasterio, Helen Jansson, Silvina Cerveny. 
Manuscript in preparation (2015) 
 
  
 - 144 - 
 
 
 
